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ABSTRACT
This research examines the behaviour of the Pacific Coast wireworm, Limonius canus, and
the dusky wireworm, Agriotes obscurus, in response to insecticides. The ability of wireworms to
recover from morbidity induced by dermal contact with insecticides is discussed first. Wireworms
enter one of three distinct stages of health intermediate between life and death after exposure.
The duration wireworms remain in these health states, their transition between them, ability to
recover, and the time required for them to recover fully or die, all depend on the concentration and
class of insecticide, post-exposure temperature, and wireworm species.

Contact with wheat

seeds treated with the synthetic pyrethroid tefluthrin also induces temporary morbidity in L. canus.
Both induction and recovery time depend on the duration of exposure, concentration of
insecticide, previous exposure, and temperature.
The second section of the thesis examines whether wireworms are repelled by insecticides
in soil and soil-less environments, and whether they are capable of learning to avoid insecticides
that induce temporary morbidity. In a soil-less environment, larvae of A. obscurus are repelled by
droplets of high concentrations of imidacloprid, chlorpyrifos, lindane, and tefluthrin, with the
incidence of repellency increasing over time for the last three chemicals. In a soil environment,
larvae of A. obscurus and L. canus orient to wheat seedlings treated with insecticide as quickly as
to untreated seedlings, but either become moribund in situ (e.g., lindane) or are repelled after 10 –
15 min contact (e.g., tefluthrin). Wireworm orientation and contact behaviour, and post-contact
health and survival, are described for lindane, clothianidin, imidacloprid, and various rates of
thiamethoxam and/or tefluthrin.
Wireworms exposed to the odor of the fungicide Dividend XLRTA and/or tefluthrin during
morbidity induction may be subsequently repelled from seeds treated with Dividend, but not
tefluthrin. Wireworms are not repelled by peppermint odor in soil bioassays after preconditioning
with peppermint, suggesting the presence of positive cues (e.g., CO2, suitable host plant) may
override a negative cue (e.g., peppermint odor).

In the absence of these positive cues,

wireworms appear capable of associative learning, but their repellency to peppermint is strongly
reduced by repeated morbidity inductions during preconditioning.
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CHAPTER 1: Wireworm food preferences, host finding, and potential
for aversion learning

1

1.1 Introduction

Wireworms, the larval stage of click beetles (Coleoptera: Elateridae) (Fig 1.1) are long
lived, subterranean insects that are economically important pests of agriculture, particularly in
potato, strawberry, corn and cereal crops (Vernon 2005; Kabaluk et al. 2007). First described as
pests in the 1700’s, when the Industrial Revolution began to alter agriculture, by the Swedish
biologist Bjerkander (Kirby and Spence 1822), wireworms have often since been mentioned as
serious pests of agricultural crops (Westwood 1838; Miles and Cohen 1937; Fig. 1.2) and
currently are causing increasing problems in North America (Vernon 2005), Europe (Parker and
Howard 2001), and Asia (Kishata et al. 2003). This increase is due in part to the replacement of
effective insecticides (e.g., lindane) with chemicals that may provide temporary crop protection
without reducing wireworm populations (e.g., imidacloprid) (Chapter 2). The increasing concerns
of extensive crop damage resulting from wireworms stress the importance of continued research
into their ecology and behaviour, and explains the rash of recent publications on their life history
(Furlan 2004, 1998) and feeding preferences (Traugott et al. 2008, 2007; Johnson et al. 2008); on
insecticide efficacy (Chaton et al. 2008, 2003) and biological control (Ericson et al. 2007, Kabaluk
et al. 2007); on sampling techniques (Samson and Calder 2003; Blackshaw and Vernon 2008,
2006), pheromone trapping (Hicks and Blackshaw 2008, Vernon and Toth 2007) and dispersal
(Arakaki et al. 2008a, 2008b), and on the effect of wireworm herbivory on plant secondary
metabolite expression (Bezemer et al. 2003; Wäckers and Bezemer 2003).

However, due

perhaps to the complexities involved with studying the behaviour of a subterranean insect, little is
published about the behavioural response of wireworms to insecticides. This thesis is an attempt
to contribute to our understanding in this area, and to provide an explanation of why some novel
insecticides provide early crop protection without giving adequate control and/or without reducing
wireworm populations.

The long history of wireworm problems has led to a considerable

accumulation of literature on wireworm feeding preferences and mechanisms, host finding,
repellency and feeding deterrence, and response to contact with insecticides.

This chapter

provides a brief synopsis of this literature and sets the stage for the ensuing chapters.
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1.2 Food preferences

Wireworm food preferences vary widely among species. Some species are considered
strictly phytophagous, saprophagous, or predaceous (Schaerffenberg 1942; Zacharuk 1963;
Turnock 1968; Fox 1973), but most wireworm species are omnivorous (Subklew 1934; Robertson
1987). Some of the most serious pests of vegetable crops (e.g., Agriotes spp., Melanotus spp.,
Ctenicera spp.) are generally saprophagous and can be cannibalistic when larval densities are
high and/or food is limited (Thomas 1940; Toth 1984; W.G.v.H., personal observation). Other
Melanotus species are predators of scarab larvae and small earthworms (Thomas 1940), and
Athous spp. and Agrypnus murinus, wireworm species commonly found in arable land and once
thought to be pests, may be strictly carnivorous (Langenbuch 1932; Schimmel 1989). Some
species are highly specialized predators: larvae of Oxynopterus spp. and Scaphoderus spp. are
termitophilous (Stibick 1979).
There are other indications that dietary requirements of wireworms are varied and/or may
be flexible. Some wireworm species can easily be raised on a diet for which they show no
preference in choice experiments.

Conoderus exsul, a pest of corn in New Zealand and

sugarcane in Hawaii, can be raised on wheat or corn but prefers to feed on larvae of the New
Zealand grass grub, Costelytra zealandica, the white-fringed weevil, Graphthognathus leucoloma,
and the soldier fly, Inopus rubriceps (Robertson 1987). Feeding on insect prey also increased C.
exsul’s probability of survival (Robertson 1987).

Similarly, early instar Athous subfuscatus,

Dolopius marginatus, and Ectinus aterrimus larvae are phytophagous, but late instars, which are
more capable of attacking insect prey, demonstrate a marked preference for pupae of the wax
moth, Galleria melonella, and the pine looper, Bupalus piniarius, over potato (Turnock 1968). As
with C. exsul, the survival of these wireworm species was higher when they were raised on an
insect diet (Turnock 1968).
Differences in both dietary preferences and in fitness resulting from diet have also been
reported in strictly phytophagous wireworm species.

Larvae of Melanotus depressus and

Limonius dibutans grew more quickly over a six-month period when raised on sorghum, corn, or
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wheat seeds than when raised on seeds of orchard grass, fesque, or Kentucky bluegrass
(Keaster et al. 1975). Similarly, larvae of Ctenicera tinctus and C. destructor grew more rapidly on
grains than on other grasses (Strickland 1933, 1939) and larvae of Agriotes obscurus grew more
quickly when given wheat than when given carrot or bean (Evans and Gough 1942). However,
other species appear to develop equally well on a variety of different diets. Larvae of A. ustulatus
developed equally well when raised on corn, alfalfa, wheat, soybean or other seeds (Furlan 1998),
and larvae of L. californicus survived and grew equally well on corn or wheat seed as on lima
beans (Stone 1941). Phytophagous wireworms may benefit from not restricting their diets to a
single plant species, as large concentrations of a single plant species are uncommon in a natural
environment. Evidence of this comes from Davis (1959) who demonstrated that larvae of C.
aeripennis grew more rapidly on mixtures of seeds than on any one seed type alone.
Despite the studies mentioned above, not much is known about actual wireworm feeding
preferences. In their survey of wireworm feeding habits, Apablaza et al. (1977) report that in
choice studies larvae of M. depressus, M. verberans, M. opacicollis, and L. dibutans all
demonstrated preference for wheat seed over seeds of 18 other plants. In one of the few other
published choice studies, Horton and Landolt (2002) show that Limonius canus is more attracted
to germinating wheat seed than to carrot, potato, or rolled oats. Similarly, while Hemerik et al.
(2003) found no feeding preference for A. obscurus and Athous haemorrhoidalis when permitted
to choose between four different grass species, both species appeared to show distinct
preferences when released in groups. Unfortunately this study did not appear to take into account
that wireworms often use pre-exisitng burrows in the soil, which can also lead to wireworm
aggregation (Lees 1943; Thorpe et al. 1947).
Finally, using ratios of naturally occurring stable isotopes of carbon and nitrogen, Traugott
et al. (2007, 2008) have recently shown that larvae of A. obscurus feed more readily on weeds
than soil organic matter, and that while A. obscurus are predominately herbivorous, a small
proportion of the larvae in the study fed primarily on animal prey. This indicates that there may be
considerable intraspecific trophic plasticity in wireworms (Traugott et al. 2008).
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Wireworm food preferences may account for the long developmental period (normally 3 – 5
years, but up to 12 years has been reported, Thomas 1940). It has been speculated that the long
larval period is simply the result of the low nutritional value of their food (Thomas 1940), or that it
suggests wireworms are capable of sequestering plant toxins (Jones and Coaker 1978)—
something as yet not demonstrated.

Unfortunately none of the dietary preference studies

mentioned above describes significant differences in the developmental rates of conspecific
cohorts reared on different diets.

1.3 Food finding and arrestment

It has frequently surprised entomologists how quickly wireworms are able to locate food,
wireworms often being found feeding on corn and wheat seeds only days after these are planted
(Stone and Foley 1955; Doane et al. 1975). Wireworms were initially thought to find food by
moving randomly through the soil (Crombie and Darrah 1947—though the data these authors
present to validate their conclusion suggests otherwise), but are now known to find hosts through
non-random orientation (Branson 1982) after studies by Klinger (1957, 1965) and Doane et al.
(1975) demonstrated that wireworms orient towards potential food sources by chemotaxis (i.e.,
following increasing concentrations of CO2). A C. destructor larva is thought to use its maxillary
and labial palps to detect CO2 concentration differences as low as 1 – 2 ppm, measured by
moving its head from side to side, a spatial displacement of 1 – 2 mm (Doane et al. 1975, Doane
and Klinger 1978). This sensitivity to CO2 explains how wireworms are able to detect the small
amounts of CO2 produced by a single germinating wheat seed placed in the soil 20 cm from the
wireworm (Doane and Klinger 1978; Westcott et al. 1980).

To date, CO2 remains the only

identified cue that stimulates directed movement in wireworms. The extensive understanding of
wireworm orienting to host plants by following CO2 plumes, and the application of this research to
study wireworm behaviour in soil window bioassays (Horton and Landolt 2002; Chapter 9), makes
recent claims that wireworms find food by random searching and that wireworms do not respond
to CO2 in soil surprising. However, this claim by Chaton et al. (2008) was based on wireworm
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observations in soil-less bioassays, in which detectable CO2 gradients are not likely to be
established by a single germinating seed.
Carbon dioxide is a common cue for host finding in phytophagous, subterranean
Coleoptera larvae (Jones and Coaker 1978; Johnson and Gregory 2006, Guerenstein and
Hildebrand 2008), and is used by both polyphagous and saprophagous (which are thought to be
ancestral to polyphagous) wireworm species (Gurjeva 1969).

Larvae of the curculionid

Otiorrhynchus sulcatus and the cerambycid Orthosoma brunneum also detect CO2 concentration
differences in the soil using their maxillary palps (Paim and Beckel 1964; White et al. 1974;
Meeking et al. 1974; Doane et al. 1975), supporting the idea that maxillary palps are critically
important in determining the suitability of host plants in the soil (Branson and Ortman 1969).
Larvae of the chrysomelid Diabrotica virgifera virgifera are highly attracted to CO2 (Strnad et al.
1986) but not to other root exudates (Bjostad and Hibbard 1992; Hibbard and Bjostad 1988, 1990;
Bernklau and Bjostad 1998a, 1998b).

Among non-coleopteran soil fauna, larvae of various

Lepidoptera (Stange et al. 1995; Huang and Mack 2001; Guerenstein and Hildebrand 2008) and
Diptera (Jones and Coaker 1977), as well as mites (Moursi 1962) and nematodes (Pline and
Dusenbery 1987) are known to find their hosts in the soil by responding to CO2 gradients. It is
possible, therefore, that other insects known to orient toward germinating corn and wheat
seedlings, including tenebrionid and scarabid larvae (Calkins et al. 1967; Sutherland 1972), may
also be responding to CO2 concentration gradients alone.
As searching for hosts often involves both ranging (which uses a general cue such as CO2
and is usually directed) and localized searching (which is based on more specific information, is
slower, and involves more turning; Strnad and Dunn 1990; Bernays and Chapman 1994),
wireworms may use plant exudates to determine a potential host plant’s acceptability (Doane et al.
1975). Exudates may be spontaneously released by the plant, or released when wireworms
squeeze the roots with their mandibles (Doane et al. 1975).
Evidence for the use of exudates to determine host plant acceptability comes from studies
with Diabrotica larvae. Branson (1982) found that D. v. virgifera are attracted to the roots of
preferred hosts (e.g., corn) and non-hosts alike, but cannot distinguish between them until they
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contact them. After using CO2 to orient towards wheat or corn seedlings, the larvae switch to
localized searching and no longer respond to CO2 (Strnad and Dunn 1990). When the larvae
were prevented from contacting the seedlings, exposed to seedling volatiles, or allowed to contact
a non-host plant, they did not switch from ranging to localized searching (Strnad and Dunn 1990).
These observations indicate the importance of contact cues in searching behaviour (Visser 1988).
A stimulus that induces ranging (e.g., CO2) may be an attractant under some conditions (e.g.,
before root contact) but not others (e.g., after contact), as contact with specific plant exudates
may trigger an insect’s CNS to decrease its sensitivity to the stimulus (Visser 1988). When these
contact cues fail, or indicate that the plant is not a suitable host, the insect will switch back to
ranging behaviour and again become sensitive to the original stimulus (Visser 1988).
While localized searching behaviour in wireworms is not currently understood, it is thought
that their movement is affected by plant exudates present in the rhizosphere. In experiments with
A. obscurus/lineatus, Thorpe et al. (1947) and Crombie and Darrah (1947) demonstrated that
wireworm movement is arrested in soil amended with arginine, amides, urea derivatives, or
dicarboxylic acids, all of which are spontaneously released by plant roots into the soil. This
arrestment causes wireworms to aggregate in areas of amended soil, and may help explain the
clumped wireworm distributions often observed in the field.

1.4 Biting and feeding responses

Wireworms bite into plant roots spontaneously and indiscriminately upon contact, even if
they do not subsequently feed on them (Keaster et al. 1975).

This random biting response

releases more plant secondary compounds into the soil, likely enabling wireworms to further
discriminate between host and non-host plants (Doane et al.1975; Miller and Strickler 1984). This
may explain how Agriotes spp. larvae are able to selectively avoid potato tubers containing high
glycoalkaloid concentrations (Jonasson and Olsson 1994; Olsson and Jonasson 1995).
While CO2 is thought to elicit the biting response in wireworms (Doane et al. 1975),
secondary plant metabolites released from the roots affect the rate at which wireworms bite.
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Thorpe et al. (1947) report that larvae of A. obscurus/lineatus placed an average of 70 bites on an
untreated piece of filter paper in a 24-hour period, but that the number of bites increased when the
paper was treated with amides, urea derivatives, or dicarboxylic acids. Wireworms placed up to
350 bites when the paper was treated with a 2% glucose solution (Thorpe et al. 1947). Similarly,
Davis (1961) reports that C. destructor larvae did not bite filter papers treated with solutions of
proteins, fatty acids, or various amino acids isolated from a germinating rye seed extract, but did
bite when the paper was treated with either sucrose or glucose. Similarly, treating filter paper with
extracts from grasses increased the biting response in A. sputator (Fox 1973). This behaviour is
similar to that found in other coleopteran larvae: both Costelytra zealandica and the black beetle,
Heteronychus arator, showed an increase in their rate of biting when exposed to sucrose and
maltose solutions (Sutherland 1976).
The rate of biting in wireworms also appears to increase when larvae are starved. Larvae
of A. obscurus/lineatus had a sharply decreased sensitivity threshold when starved up to 7 days,
with biting being elicited by certain amino acid solutions at concentrations up to 100 times lower
than required for non-starved wireworms (Thorpe et al. 1947). This result is not surprising as an
insect’s internal state strongly affects its decision making (Miller and Strickler 1984).
In addition to affecting the biting response, plant exudates stimulate wireworms to secrete a
droplet of digestive enzymes (mainly amylase) for extra-oral digestion (Davis 1961). Liquefied
plant material is subsequently imbibed using a pharyngeal pump mechanism (Langenbuch 1932;
Subklew 1934; Eidt 1958). A hair-like buccal mechanism, functioning like an oral filter, prevents
the ingestion of particles larger than 3 micrometers in diameter (Lanchester 1939b; Eidt 1959).
This mechanism may allow wireworms to reject unacceptable food immediately after ingestion
(Woodworth 1938), and may explain why they are able to prevent the passage of arseniccontaining compounds into their alimentary canals (Lanchester 1939a).
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1.5 Repellency and feeding deterrence

To date few compounds are known to elicit repellency in wireworms.

Insecticidal

compounds suspected of eliciting repellency include arsenic (L. canus; Lehman 1933) and lindane
(M. communis, Long and Lilly 1958; L. californicus, Toba et al. 1988). Using Cobalt-60 tagging to
trace wireworm movements in the soil, these researchers demonstrated that M. communis larvae
increased their rate of movement near germinating seeds treated with lindane, and concluded that
larvae moved away from lindane-treated seeds after contact (Frederickson and Lilly 1955; Long
and Lilly 1959). Other insecticides suspected (but not proven) to elicit repellency include terbufos
in L. dibutans and Aeolus mellillus (Belcher and Tenne 1987) and Agriotes spp. (Missonnier and
Brunel 1979), and chlordane, chlorpyrifos, and fonofos in Agriotes spp. (Missonnier and Brunel
1979). Recently van Herk et al. (Chapter 8) have demonstrated that tefluthrin, lindane, and high
concentrations of chlorpyrifos and imidacloprid elicit repellency in A. obscurus.

Wireworms

exposed to tefluthrin showed a characteristic “shock response”, recoiling and backing away a
short distance immediately after making contact with the chemical (Chapter 9). This response
was first described by Falconer (1945) to describe the behaviour of wireworms encountering
unfavourable soil temperatures.
Repellency to insecticides has been reported in other coleopteran larvae, including the socalled false wireworms (tenebrionid larvae, Allsopp 1980). In a series of experiments, Drinkwater
et al. (1989, 1990) and Drinkwater (1994) demonstrated that furathiocarb, carbosulfan,
carbofuran, and imidacloprid, elicit repellency in larvae of Somaticus spp. It is noteworthy that
these larvae have similar feeding preferences and life histories as wireworms (Allsopp 1980).
Non-insecticidal compounds known to elicit repellency in wireworms include extracts of the
butterfly milkweed, Asclepias tuberose in M. communis (Villani and Gould 1985a, 1985b; Villani et
al. 1985) and allyl isothiocyanate in L. infuscatus (Brown et al. 1991) and in A. obscurus/lineatus
(Crombie and Darrah 1947). A. obscurus/lineatus are also repelled by quinone, lead acetate, and
high concentrations of table salt (Crombie and Darrah 1947). It is interesting to note that allyl
isothiocyanate, the main breakdown product of sinigrin in the soil, is toxic to L. californicus
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(Williams et al. 1993; Borek et al. 1994; McCaffrey et al. 1995; Elberson et al. 1996). Finally, in
his landmark study, Doane et al. (1975) report that both high concentrations and steep
concentration gradients of CO2 are repellent to wireworms.
The repellency to CO2 is of special interest as wireworms are able to habituate rapidly to
very high concentrations of CO2 (Doane et al. 1975), a finding that may support Jermy’s (1990)
hypothesis that phytophagous insects will habituate to stimuli sooner than those with more
restricted diets, and as CO2 is the only compound known to elicit repellency from a distance.
Direct contact with a compound appears requisite for eliciting repellency to other repellent
compounds, including strong repellents such as arsenic (Lehman 1933).

Similarly, recent

observations with A. obscurus and L. canus indicate that wireworms will orient to and contact
wheat seedlings treated with various insecticides and feed until they are repelled and/or become ill
(Waliwitiya et al. 2005; Chapter 9).
Few non-insecticidal compounds are known to deter feeding in wireworms. Of 78 plants
tested, Villani and Gould (1985a, 1985b) found that only extracts of the butterfly milkweed,
Asclepias tuberose, deterred feeding in M. communis and in the Southern corn rootworm,
Diabrotica undecimpunctata howardi (Villani et al. 1985). Amending soil with lysine-rich Candida
extracts also appears to deter feeding in wireworms (Ivashchenko and Chernova 1994;
Ponomarenko et al. 1998), but it is unclear if this resulted from sublethal effects of the extracts on
the larvae. The small number of compounds that cause feeding deterrence in wireworms is not
surprising considering most species are generalists and therefore not likely to be deterred by
specific plant compounds (Jermy 1966; Schoonhoven 1982). It may be of interest to determine
whether feeding deterrents described for other subterranean larvae also deter wireworms.
Possible candidates for such work may include saponins isolated from lucerne and lotus extracts,
known to deter the scarabs Costelytra zealandica and Heteronychus arator (Sutherland 1976); 6methoxy-2-benzoxazolinone (MBOA), known to deter the corn borers Ostrinia nubilalis and
Diatraea grandiosella (Bjostad and Hibbard 1992); and 2,4-dihydroxy-7-methoxy-(2H)-1,4,benzoxazin-3(4H)-one (DIMBOA), known to deter the European corn borer (Klun et al. 1967;
Hibbard and Bjostad 1990). DIMBOA, the parent compound of MBOA, is released by injured

10

roots of corn and other grasses (Bjostad and Hibbard 1992), and is therefore a compound
wireworms may encounter in the rhizosphere near the roots of these plants.

1.6 Temporary morbidity following contact with insecticides

Wireworms exposed to insecticides are often observed to enter transitional states of
intoxication, often referred to as morbidity (i.e., illness) (Lehman 1933, Lange et al. 1949, Long
and Lilly 1958; Grove et al. 2000). Recent work by Vernon et al. (Chapter 2) and van Herk et al.
(Chapter 3, 4) first showed that there are distinct and quantifiable differences between different
stages of morbidity and that wireworms can make a full recovery from any of these transitional
states and resume feeding.

In addition, work by van Herk and Vernon (Chapter 5, 6) has

indicated that even brief contact (< 1 min) with insecticide-treated seeds may induce temporary
morbidity. These findings may explain why Frederickson and Lilly (1955) observed decreased
movement of wireworms placed in soil amended with lindane, and why imidacloprid has an
antifeedant effect on Somaticus spp (Drinkwater 1994). Of interest is if wireworms are able to
associate temporary morbidity with the odor of the chemical that induced it.

1.7 Potential for aversion learning in wireworms

Associative learning has been documented in at least six orders of phytophagous insects,
including Coleoptera (Alloway 1972; Szentesi and Jermy 1990; Dukas and Bernays 2000). Most
associative learning studies deal with the association of a visual or gustatory cue with a positive
feedback (e.g., Bitterman et al. 1996; Behmer et al. 1999; Cunningham et al. 2004), but little is
known about aversion learning in insects (Lee and Bernays 1988). Aversion learning, commonly
defined as the “association of an ingested food with a postingestional malaise that results in
subsequent avoidance of ingestion of that food” (Papaj and Prokopy 1989), was first reported in
Lepidoptera (Dethier 1980) and is thought to be of considerable value to insects (Bernays 1995).
While it is not known how common aversion learning is in insects, certain factors are believed to
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increase its likelihood. Polyphagous insects are more likely to be capable of aversion learning
than oligophagous insects (Jermy 1987; Dethier and Yost 1979), mainly because generalist
herbivores are more likely to encounter toxic plants (Gelperin and Forsythe 1975) and because
the ability to learn does not likely increase fitness in specialists (Dukas 1998). Insects with a long
life span are also more likely to be capable of aversion learning than short-lived insects, as the
former are more likely to encounter a variety of different host plants and to re-encounter the
noxious plants (Dukas 1998). Finally, insects that are capable of movement from one plant to
another are more likely to be capable of aversion learning than insects with little ability to move
away from noxious plants, as learning would confer little benefit to the latter (Bernays 1993).
Of particular interest to pest management is whether or not insects are capable of learning
to avoid an insecticide placed on a host plant. There is some anecdotal evidence that insects can
learn to avoid an insecticide, but this is restricted to a single study with the German cockroach,
Blattella germanica (i.e., Ebeling et al. 1966).

The lack of attention given to learning as a

component of behavioural resistance to pesticides is surprising (Prokopy and Lewis 1993),
particularly as many insecticides are known to induce behavioural resistance in insects (Sparks et
al. 1989; Lockwood et al. 1984; Pluthero and Singh 1984). In addition, Prokopy and Lewis (1993)
suggest that what is often interpreted as an insect’s repellency to insecticides may actually be its
ability to learn to avoid it, similar to the mechanism described by Ebeling et al. (1966). However,
to date few studies have been conducted to determine if insects are capable of learning to avoid
host plants rendered noxious by addition of a toxin (Papaj and Prokopy 1989). This question is of
interest, particularly as host plant preference is genetically determined (Lee and Bernays 1990)
and as an insect’s innate feeding preferences can override its experience with a noxious
compound (Raffa 1987).
Considering the above discussion, one would expect phytophagous wireworm species,
such as A. obscurus and L. canus, to be capable of aversion learning. Both species are at risk of
ingesting noxious foods and readily feed on insecticide-treated wheat seeds that induce temporary
morbidity (Chapter 9, 10). Both species have a long life span, and due to their predilection for
following pre-existing burrows, are more likely to re-encounter the same plants than walking or
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flying insects. In addition, both species are able to go without food for long periods of time (> 1
year in later instars) and are capable of moving easily through the soil (> 1 meter per day), thus
facing only a small risk of starvation when they reject potential host plants. Finally, while most
insects rely on olfaction, gustation, vision, and mechanoreception to determine the acceptability of
host plants (Miller and Strickler 1984), wireworms (as other subterranean insects) must rely
almost exclusively on olfactory and gustatory cues for selecting host plants (Chapman 2003;
Bernklau and Bjostad 1998). That the latter is true for L. canus and A. obscurus is evident from
both species feeding briefly on foods rendered noxious prior to moving away. Finally, the ability to
discriminate between potential host plants and/or avoid plants that induce temporary morbidity is
likely to increase fitness in any insect. Together these factors make L. canus and A. obscurus
ideal study organisms for food aversion learning in subterranean insects.
The clearest evidence of avoidance learning comes from an insect learning to avoid a plant
that was origninally a preferred host plant (Papaj and Prokopy 1989) (e.g., wheat or corn for L.
canus and A. obscurus).

As very few natural compounds are known to elicit morbidity in

wireworms (Williams et al. 1993), one of the most practical ways to render a host plant noxious is
to coat it with an insecticide. Using this procedure, wireworms may demonstrate recognition of an
insecticide that previously induced morbidity in two ways: they may ignore the treated host plant
altogether, or may orient towards the plant but alter their contact behaviour with it. The first
scenario is less likely, as it has been shown that an insect’s innate feeding preferences may override their experience.

For example, when Raffa (1987) tested morbidity-inducing chemicals

(including insecticides) on the preferred food of the fall armyworm, Spodoptera frugiperda, in
choice tests, he observed some aversion learning but no change in diet preferences. This thesis
seeks to determine if wireworms are capable of learning to avoid a host plant (i.e., wheat) treated
with an insecticide (i.e., tefluthrin) after previous morbidity induced by exposure to the insecticide.
If present, this ability could have serious economic implications for wireworm management.
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1.8 Overview and relevance of thesis

This thesis is divided into two sections: Chapters 2 to 7 discuss wireworm health and
describe the sublethal and lethal effects of various insecticides on A. obscurus and L. canus;
Chapters 8 to 11 discuss how insecticides affect the behaviour of these species.
A toxicity study conducted in 2004 – 2005 on A. obscurus revealed that wireworms can
enter a variety of distinct and characteristic health states intermediate between life and death.
These states, confirmed by results from subsequent studies with other wireworm species, are
described and defined in Chapter 2 and will be referred to throughout the thesis. Other results of
this study, particularly the LC50, LC90, LT50 and LT90 values of various insecticides, and
comparisons of these values among these chemicals, are described in detail in Chapter 3.
Chapter 4 describes the results of a second dermal toxicity study, this one involving two
insecticides applied to five wireworm species, including L. canus. This study again confirmed that
the intermediate wireworm health states described in Chapter 1 are consistent among wireworm
genera and can therefore be used to describe the sublethal effects of insecticides applied to other
wireworm species. It also revealed that an insecticide’s toxicity may vary among species.
To explore how contact with insecticide-treated wheat seed affects wireworm health, larvae
of L. canus were exposed, for various durations, to ungerminated seeds treated with several rates
of the pyrethroid insecticide tefluthrin in Eppendorf tubes. The results of this study are discussed
in Chapter 5. As temperature is known to affect recovery from pyrethroid-induced morbidity in
other insects (notably the common housefly, Musca domestica), a subsequent study was
conducted to determine how temperature might affect the recovery of wireworms from morbidity.
The results of this study, presented in Chapter 6, confirm observations described in Chapter 3 that
wireworms recover more at high temperatures than at low temperatures. The final chapter in this
section discusses the effect of repeated handling on wireworm weight and survival; of interest as
wireworm health checks generally require prolonged and extensive handling of the larvae.
To determine if insecticides elicit repellency in wireworms, a soil-less bioassay was
developed in which larvae of A. obscurus were exposed to several concentrations and
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formulations of commonly used insecticides. The results of this study, presented in Chapter 8,
indicate that wireworms are repelled by some insecticides and that the incidence of repellency
may increase over the exposure duration. As it is to be expected that wireworm behaviour in a
soil-less environment will differ from their behaviour in the soil, a second bioassay, described in
Chapter 9, was developed. This bioassay allows me to observe and measure the response of
wireworms to insecticide-treated wheat seedlings in the soil, and was used to determine the
orienting, contacting, and repellency responses of A. obscurus and L. canus larvae exposed to
wheat seedlings coated with various rates of one or two insecticide(s). The results of these
studies are described in Chapter 10.
Wireworms are often observed to contact tefluthrin-treated wheat seedlings repeatedly in
soil window bioassays, and subsequently to become moribund either in situ or after having moved
away. This observation led to several studies conducted to determine if wireworms are capable of
learning to avoid seedlings treated with tefluthrin after becoming temporarily moribund from
contact with tefluthrin-treated seeds. For aversion learning to occur in this setup, wireworms need
to be capable of associating a cue (i.e., the odor of tefluthrin) with temporary morbidity, and their
negative response to this cue must be stronger than their positive response to CO2 emitted by the
seedling. In Chapter 11 we present the results of this study and of subsequent aversion learning
studies designed to determine if L. canus larvae can associate the odor of peppermint with
morbidity, using either soil bioassays (which involve the presence of a host plant/CO2 source) or
soil-less bioassays (which do not involve these potentially confounding cues).
This research presented in Chapter 11 is of interest from both behavioural ecology and pest
management perspectives. Currently there are few conclusive studies of aversion learning in
insects, no learning studies have been conducted with soil insects, and little is known of how
placing an insecticide on host plants affects an insect’s feeding behaviour. This research also
contributes to our understanding of behavioural resistance to insecticides. If wireworms continue
to contact and feed on plants treated with an insecticide, they will likely accumulate a lethal dose.
However, if wireworms are capable of learning to avoid insecticide-treated plants, they may not
ingest sufficient toxin to kill them, rendering the insecticide considerably less effective.
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1.10 Figures

Figure 1.1 Larva (A) and adult (B) of the Pacific Coast wireworm, Limonius canus LeConte
A.

B.
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Figure 1.2 Illustration and description from an article in The Gardener’s Magazine, March 1838,
depicting different forms of both click beetles and wireworms. Note the characterisitic ‘eye-spot’
(a, b) found in Agriotes obscurus and A. lineatus.
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CHAPTER 2: Transitional sublethal and lethal effects of insecticides
on wireworms following dermal exposure

This chapter was published as:

Vernon, R. S., W. van Herk, J. Tolman, H. Ortiz Saavedra, M. Clodius, and B. Gage. 2008.
Transitional sublethal and lethal effects of insecticides after dermal exposures to five economic
species of wireworms (Coleoptera: Elateridae). Journal of Economic Entomology 101: 365-374.
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2.1 Abstract

During an insecticide toxicity study involving field-collected Agriotes obscurus, wireworms
exposed dermally to six classes of insecticides exhibited characteristic transitional symptoms of
toxicity. These symptoms, collectively termed ‘morbidity’, were categorized as ‘writhing’, ‘leg and
mouthpart’ or ‘mouthpart-only’ body movements. These symptoms could persist for long periods
of time, depending on insecticide and dose, with ‘moribund’ wireworms ultimately recovering or
dying. Additional LC50 and LD50 toxicity studies showed that these stages of morbidity also
occurred in four other wireworm species, notably A. sputator, Limonius canus, Ctenicera pruinina
and C. destructor. In addition, it was found that all species exposed dermally to clothianidin
moved in significant numbers to the surface of the soil in post-treatment holding cups. This was
not observed when these species were exposed to chlorpyrifos or the control solvent. These
findings suggest that toxicity trials involving wireworms should include observations on morbidity,
and that the duration of these trials should continue until symptoms of morbidity cease. The longterm morbidity and potential recovery or death of wireworms exposed to certain insecticides have
implications for how laboratory and field studies can be better designed and interpreted in the
future.
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2.2 Introduction

Wireworms, the larval stage of various species of click beetles (Coleoptera: Elateridae), are
serious pests of a wide variety of crops world-wide. Subterranean feeding by wireworms can
result in catastrophic crop loss due to stand and yield reduction (cereals, corn, vegetables,
ornamentals) and/or cosmetic injury (carrot, potato).

In North America and elsewhere,

prophylactic insecticidal control of wireworms began with the highly persistent organochlorines
(i.e., aldrin, lindane) in the 1950s, followed by shorter-lived organophosphates (i.e., fonofos,
phorate, terbufos) and carbamates (e.g., carbofuran). Most of these products are now obsolete or
are facing de-registration in North America due to their high environmental risk and human health
concerns.

Recently, attention has focussed on the research and registration of synthetic

pyrethroid (i.e., tefluthrin, bifenthrin), chloronicotinoid (i.e., imidacloprid, acetamiprid), thianicotinoid (i.e., clothianidin, thiamethoxam) and phenyl pyrazole (e.g., fipronil) insecticides as lowerrisk alternatives for wireworm control on various crops (Parker and Howard 2001). Some of these
products are now being used for wireworm management in a number of countries world-wide.
Although many of the newer products have demonstrated effectiveness against wireworms
(Parker and Howard 2001; Kuhar et al. 2003), their relative toxicities and effects on wireworm
behaviour in the soil are actually poorly understood. One of the reasons for this is that the efficacy
of insecticides against wireworms is generally measured by indirect observations of associated
wireworm damage (i.e., stand, yield and/or cosmetic damage) to various crops.

This is

understandable, given the large amount of labor and cost required to extract and evaluate the
health of wireworms from insecticide-treated plots, and the lack of consistency of sampling
methods available. Nevertheless, the direct effects of insecticides on wireworm populations are of
interest and importance for a number of reasons. Earlier studies have indicated that certain
insecticides (i.e., aldrin and lindane) can have repellent, as well as toxic effects on wireworms
(Long and Lilly 1958; Toba et al. 1985). In addition, we have determined that reduction in damage
symptoms to wheat and potato crops with the use of certain neonicotinoid insecticides are not due
completely to wireworm mortality, but rather to the inducement of long-term, non-lethal intoxication
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(R.S.V., unpublished data). Questions of repellency, sub-lethal and lethal effects of novel or
traditional insecticides on wireworm populations, which typically have long life cycles (3 – 5 y), are
of importance in the development of knowledge-based resistance and integrated pest
management programs for these pests.
During initial LC50 and LT50 studies with various insecticides on the dusky wireworm,
Agriotes obscurus (L.), we observed that wireworms rarely died immediately, but often entered
into various transitional states of poisoning (Chapter 3). These transitional states were observed
among all insecticide classes tested, but varied in their onset and intensity within and between
chemical classes over time. In some cases, affected wireworms could continue to move, but in
an undirected, writhing fashion, and others were immobile and appeared dead. Of particular
interest was the ability of immobilized and apparently dead wireworms to fully recover from certain
insecticide classes after a considerable length of time (> 100 d). Transitional states of wireworm
poisoning have been observed in earlier pesticide efficacy studies, and have been termed simply
as ‘morbidity’ (Lehman 1933; Lange et al. 1949; Long and Lilly 1958). Unfortunately, the term
‘morbidity’, as it applies to wireworm toxicity, has never been adequately described, although a
subjective index of insecticide effects on wireworm activity and health has been described by
Grove et al. (2000).
To properly understand the toxic effects of the various novel insecticides being considered
for wireworm control, it is necessary to qualitatively define the various transitional symptoms of
poisoning exhibited between healthy and dead wireworms. This paper describes a number of
stages of ‘morbidity’ displayed by five species of wireworms [A. obscurus, A. sputator (L.),
Limonius canus LeConte, Ctenicera pruinina (Horn) and C. destructor (Brown)] during various
LC50 and LD50 studies involving representatives from six insecticide classes.

The practical

implications of this paper in conducting and interpreting further wireworm toxicity trials in the
laboratory and field are discussed.
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2.3 Materials and methods

2.3.1 Wireworm collections

All wireworms tested were collected from fields that had been in long-term (> 10 y) pasture
or from organic farms to ensure that wireworm populations did not have a recent history of
insecticide exposure. A. obscurus were collected from two fields of pasture approximately 1 km
apart in Agassiz, BC, Canada (49° 14’ N, 121° 46’ W). The first collection was done in one field in
October, 2003, and the second collection in the other field in March, 2005. Following collection,
®

wireworms were stored at 5°C in 40 liter Rubbermaid tubs of soil taken from the same fields.
Ctenicera pruinina were collected from an organic farm in Boardman, Oregon, USA (45° 41’
N, 119° 50’ W) in June, 2004 and subsequently stored at the Pacific Agri-Food Research Centre
®

(PARC) in Agassiz at 15°C in 40 liter Rubbermaid tubs with a 1:2:1 mixture of washed sand, field
soil (Agassiz) and vermiculite. Ctenicera destructor were collected from a heavily infested and
untreated field of barley in Wainwright, Alberta, Canada (52° 50’ N, 110° 49’ W) in June, 2004 and
stored as described for C. pruinina. Limonius canus were collected from two organic farms (49°
49’ 21”N, 119° 26’ 13” W) in Kelowna, BC on two occasions in July 2005 and stored at PARC,
®

Agassiz in soil from the collection fields at about 21°C in 40 liter Rubbermaid tubs. Agriotes
sputator were collected from a long-term field of pasture (fallowed in May, 2005) near Kentville,
Nova Scotia, Canada (45° 3’ N, 64° 36’ W) in November, 2005, and subsequently stored at
®

PARC, Agassiz at 15°C in 40 liter Rubbermaid tubs with screened soil (Agassiz).

2.3.2 Wireworm selection for toxicity studies

Since wireworms mostly encounter insecticide-treated crops as they forage for food, we
restricted our LC50 and LD50 toxicity studies to wireworms in the feeding stage at the time of
application. This is an important consideration in toxicity studies on wireworms, since wireworms
might only spend a fraction of each instar engaged in feeding behaviour, and the rest of the time
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in more quiescent states such as pre-moulting, moulting, and mandible hardening (Furlan 1998).
To separate feeders from non-feeders, large (approx. 10 cm × 5 cm) slices of Russet potato were
placed cut face down in the soil-filled tubs, and feeding wireworms were removed 24 – 48 hours
before LC50 and LD50 studies. In the LC50 studies, selected A. obscurus (15 – 20 mm), A.
sputator (7 – 14 mm), L. canus (12 – 18 mm), C. pruinina (15 – 25 mm) and C. destructor (15 –
25 mm) were weighed and temporarily stored in 500 ml clear plastic deli containers containing
sterilized loamy-sand soil at room temperature until being exposed to insecticides. In the LD50
studies, A. obscurus (15 – 22 mm), C. pruinina (15 – 22 mm) and L. canus (15 – 22 mm)
wireworms were weighed and stored in individual clear 30 ml Fuji film canisters containing about
20 g of soil, and stored at 5°C overnight to ensure inactivity during topical treatments the following
day.

2.3.3 Toxicity studies

2.3.3.1 LC50 studies

Insecticides were applied to wireworms using a Potter Spray Tower (Burkhard Scientific,
UK) at the Southern Crop Protection and Food Research Centre (SCPFRC) of Agriculture and
Agri-Food Canada in London, Ontario. The insecticides tested represented six chemical classes:
thianicotinoid (clothianidin); chloronicotinoid (imidacloprid); phenyl pyrazole (fipronil), synthetic
pyrethroid (tefluthrin); organochlorine (lindane); and organophosphate (chlorpyrifos).

All

insecticides were technical grade materials obtained from the manufacturers and were dissolved
®

in a 19:1 solution of acetone (99% histology grade) and olive oil (Maestro 100% Extra Virgin)
(Hilton et al. 1998). The olive oil prevented the insecticides from coming out of solution after
application and crystallizing on the insect cuticle (W.G.v.H., personal observation). Two LC50
studies were conducted. In the first study, A. obscurus and C. pruinina wireworms (collected in
2003) were transferred from PARC, Agassiz to SCPFRC in London, ON in January, 2004, and
stored in an incubator in 10 liter tubs filled with sandy loam soil at 21°C. Agriotes obscurus was
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exposed to all six insecticides; and C. pruinina was exposed only to chlorpyrifos. Five wireworms
were weighed individually, placed in a sterile plastic Petri dish (Gelman Sciences, Ann Arbor, MI)
and 5.0 ml of insecticide solution applied evenly by the spray tower to the Petri dish. The spray
tower was calibrated to deliver a uniform mist covering a circle of 11.9 cm diameter. A minimum
of 40 wireworms were exposed to a range of concentrations (minimum of 5 concentrations)
sufficient to determine the LC50 value for each insecticide tested, with subsets of wireworms
(between 20 and 40 wireworms per concentration) also being exposed to the solvent solution
(19:1 acetone:olive oil) alone. The various spray applications were made between 20 January and
21 June, 2004. Treated wireworms were allowed to air-dry for approximately 1 min, after which
they were placed in 120 ml plastic cups containing 100 g of pasteurized sandy-clay loam soil
(moisture content 15%) and a 10 g core of potato (cv. Russet Burbank); both the potato core and
the wireworms were placed on the surface of the soil. Post-application cups were covered with
Pyrex Petri dish lids and stored at 15°C in a dark room. In preliminary trials, cups were weighed
weekly to determine the amount of moisture lost due to evaporation, and 5.0 ml water was added
weekly thereafter to compensate for evaporative water loss. The potato bait was replaced weekly
at the time wireworms were inspected.
In the second LC50 study, A. obscurus (collected in 2005), A. sputator (collected in 2005),
L. canus (collected in 2005), C. pruinina (collected in 2003) and C. destructor (collected in 2004)
were transferred from PARC, Agassiz to SCPFRC in London, ON in January, 2006, and stored at
21°C in 10-liter tubs filled with sandy loam soil (London, ON).

All species were exposed to

clothianidin, and all species except C. pruinina and C. destructor (due to insufficient numbers of
wireworms) were exposed to chlorpyrifos.

Between three and five wireworms were weighed

individually, placed in a Petri dish, and 5.0 ml of insecticide solution applied in the Potter Spray
Tower as described earlier. Generally, a minimum of 35 wireworms were exposed to each of a
range of concentrations in an attempt to estimate the LC50 value for each insecticide on each
species tested.

Subsets of wireworms were also exposed to the solvent solution (19:1

acetone:olive oil) alone as in LC50 study 1. The various spray applications were made between
23 and 26 January, 2006. Post-spray treatment of wireworms was similar to LC50 study 1, except
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that both the potato core and the treated wireworms were placed about 2 cm into the soil of the
holding cups and covered up after the initial spray and each subsequent observation.

2.3.3.2 LD50 studies

Insecticides were applied topically using a 20 µl micropipette (Biohit Proline, Neptune, NJ)
to individually weighed wireworms at PARC, Agassiz between 14 July and 14 August, 2005. Four
of the six insecticides listed above were tested, including clothianidin, fipronil, lindane and
chlorpyrifos. All insecticides were technical grade material and dissolved in a 99:1 solution of
®

acetone (99% histology grade) and olive oil (Montolivo

Extra Virgin). Three species of

wireworms were tested: L. canus was exposed to chlorpyrifos, clothianidin, and lindane; A.
obscurus to chlorpyrifos and fipronil and; C. pruinina to chlorpyrifos. For each species, subsets of
wireworms were also exposed to the solvent solution alone. Wireworms were immobilized by
chilling at 5°C for about 24 h prior to treatment. Wireworms were held with soft forceps by the
head and first two thoracic segments, and 5 µl of insecticide solution was applied with the
micropipette from the third dorsal thoracic segment to the final abdominal segment.

After

treatment, each wireworm was held immobile with soft forceps for 30 s to allow the solution to dry.
Wireworms were subsequently stored individually without food in plastic film containers with 30 g
of soil at 21°C.

2.3.4 Post-treatment wireworm observations

In preliminary trials using the Potter Spray Tower, wireworms exposed to various
insecticides were closely observed for several days and general symptoms of toxicity recorded.
Symptoms of toxicity that were fairly well defined and consistent between insecticide treatments
and wireworm species, and that appeared to follow a step-wise transition from living to dead were
subsequently used in assessing wireworm health in the LC50 and LD50 studies.
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In the LC50 and LD50 studies, wireworms were inspected 1, 3 – 4, and 7 d after treatment
(DAT) and every week thereafter for up to 301 d. In each study, control wireworms were
observed until all wireworms moribund from insecticide exposure had either recovered or died.
Observations were conducted in a 15 cm diameter Petri dish containing a moistened 12.5 cm
diameter Whatman No. 1 filter paper with a centred 8 cm diameter drawn circle. Wireworms in
containers were allowed to acclimate to room temperature for at least ten minutes before the soil
was spread evenly in a sorting pan to locate and move the wireworms with soft forceps to the
center of the observation dish. In the second LC50 study, wireworms (buried 2 cm deep in
container soil after each observation) that were present on the soil surface at the time of
observation were also recorded.

Wireworms placed in the observation dish were observed

closely for 2 min and their body movements and coordination recorded. Wireworms that could not
leave the 8 cm circle within the 2 min were considered affected, and those that were not visibly
moving were further examined under a dissecting microscope for more subtle signs of life (i.e., leg
and/or mandible movement, segment contractions, convulsions, etc.).

After the observation

period, all wireworms not verified as being dead were placed back in their original containers.

2.3.5 Selection of LC50 and LD50 datasets

For the LC50 studies, the application rates for each insecticide that ultimately resulted in
close to 50% mortality were selected to illustrate the various transitional stages of toxicity leading
to either death or recovery over time. The calculated LC50 and LT50 values for LC50 study 1 are
reported in Chapter 3. The methods used to calculate LC50 and LT50 values for LC50 study 2
are the same as reported in Chapter 3. For the LD50 studies, the more limited application rates
tested on each of the three species did not always produce the desired 50% mortality, and so the
rates that provided representative transitional toxicity data were selected for between- and withinspecies comparisons.
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2.4 Results

2.4.1 Description of transitional symptoms of toxicity

During the LC50 and LD50 studies, the following post-treatment wireworm health
categories were determined. Wireworms that could move out of the 8 cm diameter circle drawn
on the 12.5 cm filter paper in the Petri dish arenas within 2 min were designated as ‘alive’.
Wireworms that were incapable of directed movement but were capable of body movements
obvious to the naked eye were designated as ‘writhing’. These writhing body movements could
be spontaneous or elicited by gentle prodding with handling forceps. Wireworms could assume a
‘C’ shape or corkscrew ‘S’ shape while writhing. When viewed under a dissecting microscope,
wireworms designated as writhing also generally displayed continuous leg and mouthpart
movements. Wireworms that made no visible body movements with or without prodding were
inspected under a dissecting microscope to determine if they exhibited ‘leg and mouthpart’
movement or ‘mouthpart-only’ movement.

These appendage movements could also be

spontaneous or elicited by gentle prodding.

The writhing and leg and mouthpart movement

categories were much more commonly observed than the mouthpart-only movement category.
Also, when observed under a dissecting microscope, these wireworms sometimes exhibited
subtle convulsion-like movements and/or slight flexing of the head/thorax region or last abdominal
segments. These subtle movements alone, however, were not enough to put wireworms into the
writhing category. Wireworms exhibiting no spontaneous movements or elicited writhing or leg
and mouthpart movements were temporarily classed as ‘probably dead’, but were not recorded as
‘dead’ until they showed signs of decomposition, at which time they were removed from the cups.
The main transitional stages of toxicity identified, notably: writhing; leg and mouthpart movement;
and mouthpart-only movement can be considered collectively as ‘morbidity’, although the less
visible stages of leg and mouthpart movement and mouthpart-only movement are not found in the
literature. Wireworms exposed to a lethal dose of insecticide generally went from alive to writhing
to leg and mouthpart movement to mouthpart-only movement to dead. However, wireworms
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exposed to sublethal doses of insecticide on occasion exhibited the transitional stages listed in
reverse order.
Due to the relatively low incidence of wireworms in the mouthpart-only movement category,
morbidity data in the figures shows the leg and mouthpart and mouthpart-only movement
categories combined.

2.4.2 Toxicity symptoms after dermal exposure

2.4.2.1 LC50 study 1

A. obscurus wireworms exposed to the acetone plus olive oil carrier were always either
alive or dead, but never in the states of toxin-induced ‘morbidity’ described above (Fig. 2.1A).
Virtually no mortality was observed during the first 56 DAT, and only 9.0% mortality had occurred
168 DAT.

No fungal infections (e.g., Metarhizium anisopliae) or parasitic nematodes were

observed in treated or untreated wireworms in this study.
All of the described transitional symptoms of morbidity occurred for each insecticide tested
at doses nearest the calculated LC50 values (values reported in Chapter 3), but variations in
symptoms occurred between various insecticide classes over time (Fig. 2.1B-G). Wireworms
exposed to fipronil (0.0001% AI), a phenyl pyrazole, showed no symptoms of morbidity until 56
DAT (Fig. 2.1B), after which time about 50% gradually became moribund and eventually died by
224 DAT. Wireworms became moribund and died more quickly at doses higher than the LC50
(Chapter 3). Exposure to lindane (0.05% AI), a chlorinated hydrocarbon, had an immediate effect
on all wireworms, which were mostly immobilized and in the leg and/or mouthpart moribund state
until 3 DAT. Moribund wireworms gradually recovered between 7 and 56 DAT at which time most
were alive and behaving normally. Between 56 and 112 DAT, however, most wireworms had
either once again become moribund, or had died, with 50% mortality occurring by about 160 DAT
(Fig. 2.1C). With the synthetic pyrethroid tefluthrin (0.25% AI), initial symptoms of morbidity were
similar to those induced by lindane, except that leg and/or mouthpart movement continued for at
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least 14 DAT, and considerable mortality (37.5%) had occurred by 28 DAT. Mortality had reached
42.5% at 56 DAT, but complete recovery had also occurred in 42.5% of the wireworms (Fig.
2.1D). Imidacloprid (1.0% AI), a chloronicotinoid, and clothianidin (0.05% AI), a thianicotinoid,
elicited similar symptoms of toxicity at doses near their respective LC50 values. Most wireworms
were in the leg and/or mouthpart moribund state for the first 28 DAT. Between 28 and 168 DAT,
55% of wireworms exposed to both compounds had died, with the remainder making a full
recovery (Fig 2.1E and 2.1F). Wireworms exposed to the organophosphate chlorpyrifos (0.1% AI)
were either alive or in various states of morbidity on 1 and 3 DAT. Mortality occurred more rapidly
(20.0% at 7 DAT) with chlorpyrifos than with the other insecticides, and 42.5% of the wireworms
had died by 14 DAT (Fig. 2.1G).

2.4.2.2 LC50 study 2

All of the five wireworm species exposed to the acetone plus olive oil carrier were always
either alive or dead, but never in any of the states of morbidity described above.

Agriotes

obscurus exposed to the solvent carrier (n = 45) experienced higher mortality than in LC50 study
1 during the first 14 DAT (13.3%) and after 70 DAT (31.1%). The elevated level of mortality did
not appear to be linked to fungal or nematode infections. Lower mortality was observed with A.
sputator (n = 45: 6.7% at 14 DAT and 20.0% at 70 DAT), L. canus (n = 40: 0.0% at 14 DAT and
2.5% at 70 DAT) and C. pruinina (n = 38: 6.3% at 14 DAT and 18.4% at 70 DAT) exposed to the
acetone plus olive oil carrier. Ctenicera destructor, however, exhibited mortality similar to that
observed with A. obscurus (n = 28: 14.3% at 14 DAT and 35.7% at 70 DAT).
When A. obscurus, A. sputator, L. canus and C. pruinina were exposed to clothianidin at
rates that ultimately produced about 50% mortality (R.S.V., unpublished data), all wireworms were
in various states of morbidity for at least 4 DAT (Fig. 2.2A, C, E, G). This was also true for C.
destructor (0.15% AI), which is not shown in Fig. 2.2. As was observed in LC50 study 1 (Fig.
2.1F), A. obscurus wireworms exposed to clothianidin (0.05% AI) were moribund until 14 DAT,
after which time mortality or full recovery began to occur (Fig. 2.2A). The same general trend was
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observed for A. sputator exposed to clothianidin (0.05% AI) (Fig. 2.2C). Of the four species
tested, L. canus (0.1% AI) had the most rapid rates of recovery or mortality, followed by C.
pruinina (0.15% AI). One obvious difference between LC50 studies 1 (Fig. 2.1) and 2 (Fig. 2.2)
was that more A. obscurus wireworms in study 1 were in the leg and/or mouthpart movement
stage than in the writhing stage. This difference might be due to differences in the A. obscurus
population used between studies, and/or due to subtle differences in the subjective criteria used
by different observers in separating the writhing versus leg and/or mouthpart movement stages,
which can occur when wireworms are in transition between these two stages.
When exposed to chlorpyrifos in LC50 study 2, A. obscurus required a higher application
rate to reach 50% mortality (0.15% AI) than in LC50 study 1 (0.1% AI). The number of A.
obscurus wireworms in a moribund state at 1 DAT were also lower in LC50 study 2, but thereafter
the proportion of living, moribund and dead wireworms at 3 – 4, 7 and 14 DAT were similar to
LC50 study 1 (Fig. 2.2B).

Agriotes sputator required a lower application rate of chlorpyrifos

(0.075% AI) and less time (7 DAT) to reach 50% mortality than A. obscurus (Fig. 2.2D). Limonius
canus was relatively unaffected at the highest rate tested (0.15% AI), with only 12.5% mortality
having occurred by 70 DAT (Fig. 2.2F). Ctenicera pruinina exposed to chlorpyrifos in LC50 study
1 took much longer than the other species to reach 50% mortality (104 DAT), with wireworms
exhibiting a gradual increase in morbidity and mortality with time (Fig. 2.2H).
In LC50 study 2, untreated wireworms placed about 2 cm into the soil in holding cups
following each weekly observation were seldom found on the soil surface during any of the
inspections (maximum of 4.4%).

This was also true for wireworms exposed to chlorpyrifos

(maximum of 10.5%). A higher proportion of wireworms exposed to clothianidin, however, were
found on the soil surface during the first week of observations. At the approximate LC50 rates for
clothianidin, the percentage of A. obscurus, A. sputator, L. canus, C. pruinina and C. destructor
wireworms found at the soil surface at 7 DAT were, respectively, 51.2, 43.2, 45.1, 33.3 and 16.7%
(Fig. 2.3). Wireworms found at the surface were always in a moribund state, and over time the
proportion of wireworms at the soil surface generally followed a similar rate of decline to the
proportion of wireworms that were in a moribund state for each species. This behaviour was not
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observed in LC50 study 1 or the LD50 study because the wireworms were always placed on the
soil surface in holding cups following observations rather than being buried as in LC50 study 2.

2.4.2.3 LD50 study

All of the three wireworm species exposed to topically-applied acetone plus olive oil carrier
were always either alive or dead, showing no signs of morbidity (Fig. 2.4A). Agriotes obscurus
exposed to the carrier experienced similar mortality (0% at 14 DAT and 14.3% at 112 DAT) to A.
obscurus exposed to the carrier in LC50 study 1. Mortality in the LD50 study, however, was partly
linked to nematodes (Mermithidae) associated with cadavers, with 52.6% of dead and dissected
wireworms being infected. Low mortality (5.0% at 112 DAT) was observed with L. canus (n = 60)
and C. pruinina (n = 20) exposed to the carrier, which was not linked to fungal or nematode
infections. The procedures used for handling wireworms during all of these studies did not appear
to result in significant injury or death, as evidenced by the low control mortality relative to the
insecticide treatments.
Agriotes obscurus wireworms exposed to fipronil (0.0005% AI) appeared healthy at 1 DAT,
gradually developed symptoms of morbidity between 3 – 14 DAT, and progressively died between
28 – 168 DAT (89.5% mortality). A similar trend was also observed in LC50 study 1 with A.
obscurus exposed to fipronil at rates higher (e.g., 0.001% AI) than the estimated LC50 rate (Fig.
2.1B).

The development of morbidity symptoms and mortality in A. obscurus exposed to

chlorpyrifos (0.05% AI) in the LD50 study were similar to those observed with chlorpyrifos (0.05%
AI) in LC50 study 2 (Fig. 2.2B), except that 50% mortality took about 2 wk longer (Fig. 2.4C).
Ctenicera pruinina exposed to a 10x higher rate of chlorpyrifos (0.5% AI) than A. obscurus
exhibited higher rates of morbidity than A. obscurus in the first 14 DAT, with 50% mortality
occurring at about 28 DAT for both species (Fig. 2.4D).

When L. canus was exposed to the

same rate of chlorpyrifos as C. pruinina (0.5% AI), most wireworms were moribund from 1 – 4
DAT, with mortality rapidly occurring in about 50% between 4 and 14 DAT (Fig. 2.4E). When
exposed to clothianidin (0.05% AI), L. canus exhibited symptoms of morbidity, recovery and/or
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death (Fig. 2.4F) similar to LC50 study 2 (Fig. 2.2E), except that the ratio of leg and/or mouthpart
movement versus writhing wire-worms was higher in LC50 study 2. Exposure of L. canus to
lindane (0.05% AI) resulted in similar symptoms of toxicity as L. canus exposed to chlorpyrifos
(Fig. 2.4G), except that mortality did not begin until 14 DAT.

2.5 Discussion

The data reported herein clearly show that five species of wireworms among three elaterid
genera display transitional symptoms of poisoning when exposed dermally to an array of
insecticide classes.

As defined above, these transitional symptoms, termed collectively as

‘morbidity’, can be categorized as ‘writhing’, ‘leg and mouthpart’ and ‘mouthpart-only’ body
movements. Although ‘morbidity’ has been used to describe insecticide-poisoned wireworms by a
few earlier authors (Lehman 1933; Lange et al. 1949; Long and Lilly 1958), the term has never
been formally defined for multiple wireworm species exposed to multiple insecticides until now.
As shown by the current data, the identification of transitional stages of morbidity and the length of
time insecticide-exposed wireworms might remain in these transitional stages may aid how we
design and interpret toxicity trials in the laboratory and efficacy trials in the field.

2.5.1 Laboratory studies

Trials designed to study the toxicity of insecticides to wireworms in the laboratory should
include observations on the various transitional stages of wireworm morbidity described herein.
This will help standardize how symptoms of toxicity are recorded between studies that may
involve the same or different insecticides and wireworm species. Standardization will also help
avoid confusion in what we call living versus dead wireworms, since a writhing wireworm might be
considered alive (but ultimately die), and an immobilized leg and/or mouthpart movement
wireworm might be considered dead (but ultimately live) in toxicity trials conducted over shorter
periods. The prolonged periods of time insecticide-exposed wireworms can exist in the various
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stages of morbidity also suggests that observations be conducted wherever possible until these
transitional symptoms disappear and only healthy or dead wireworms remain. Although this may
take considerable time for certain insecticides (e.g., observations involving fipronil have taken up
to 301 d to resolve, Chapter 3), wireworms are long-lived insects in nature (3 – 5 y in many
species) and the long-term effects of insecticide exposure on wireworm health is important to our
understanding of the ultimate efficacy of insecticides in the field.

2.5.2 Field studies

The identification of long-term transitional stages of morbidity among all wireworm species
exposed to all insecticides tested in this trial can also be used to improve our design and general
understanding of field efficacy studies.

For example, field efficacy trials that only record

reductions in signs of wireworm damage (i.e., plant stand as in several row crops, or cosmetic
damage as in potato crops), are often equated with control (mortality) of wireworm populations.
Although mortality might actually be occurring, reductions in symptoms of damage may also arise
if wireworm populations enter prolonged states of insecticide-induced morbidity. In the case of
insecticides evaluated for cereals, the crop would only have to be protected from wireworm
feeding until crop establishment, and at sub-lethal doses wireworm populations might eventually
recover. The possibility of crop protection from wireworm damage without significant reductions in
wireworm populations is an important consideration when interpreting the basis on which we
register new insecticide products against wireworms, and how these products will ultimately be
marketed to growers. One way to better evaluate the efficacy of an insecticide in terms of crop
protection by wireworms versus wireworm population reduction would be to sample plots treated
with insecticides for wireworm populations in the following Spring.
The observation in LC50 study 2 that the five species of wireworms exposed to clothianidin
often made their way through soil in their holding cups to the soil surface has not been reported
for this insecticide in the literature. This behaviour, however, has been reported with Limonius
canus exposed to sugar beet seed treated with an unspecified insecticide, where “many
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[wireworms] were found on the surface of the soil as if trying to escape from the chemical” (Lange
et al. 1949). We also observed desiccated A. obscurus wireworms at the surface of the soil in
field plots of wheat planted with thiamethoxam-treated wheat seed (R.S.V., personal observation).
These observations suggest that mortality of wireworms exposed to certain insecticides (i.e.,
clothianidin and thiamethoxam) under field conditions may be due in part to desiccation and
possibly predation of moribund wireworms moving to the soil surface.
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2.8 Figures

Figure 2.1 Transitional stages of toxicity in A. obscurus wireworms exposed dermally to six
insecticides in a Potter Spray Tower in 2004 (LC50 study 1). The percentage of wireworms Alive,
Writhing, with Leg and/or Mouthpart Movement (Appendage Movement), or Dead are shown on
various dates of observation for insecticides selected at rates near to their estimated LC50 levels.
Wireworms that are Alive are capable of Leg and/or Mouthpart Movement, but wireworms in the
latter categories are incapable of directed movement.

(figure appears on the following page)
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Figure 2.1
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Figure 2.2 Transitional stages of toxicity in A. obscurus, A. sputator and L. canus wireworms
exposed dermally to clothianidin and chlorpyrifos in a Potter Spray Tower in 2006 (LC50 study 2),
and in C. pruinina wireworms exposed to clothianidin in 2006 and chlorpyrifos in 2004 (LC50 study
1). The percentage of wireworms Alive, Writhing, with Leg and/or Mouthpart Movement
(Appendage Movement), or Dead are shown on various dates of observation for insecticides
selected at rates near to their estimated LC50 levels. Wireworms that are Alive are capable of
Leg and/or Mouthpart Movement, but wireworms in the latter categories are incapable of directed
movement.

(figure appears on the following page)
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Figure 2.2
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Figure 2.3 The percentage of A. obscurus, A. sputator, L. canus, C. pruinina and C. destructor
wireworms exposed dermally to clothianidin, and A. obscurus exposed to chlorpyrifos, that had
moved to the surface of soil in storage cups over a 70 day observation period in 2006 (LC50 study
2). The percentage of wireworms in a moribund state or that had died during that observation
period are shown.

(figure appears on the following page)
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Figure 2.3
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Figure 2.4 Transitional stages of toxicity in A. obscurus, L. canus, and C. pruinina exposed
dermally to two insecticides via topical applications in 2005 (LD50 study). The percentage of
wireworms Alive, Writhing, with Leg and/or Mouthpart Movement (Appendage Movement), or
Dead are shown on various dates of observation for insecticides tested at various rates.
Wireworms that are Alive are capable of Leg and/or Mouthpart Movement, but wireworms in the
latter categories are incapable of directed movement.

(figure appears on the following page)
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Figure 2.4
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CHAPTER 3: Mortality of Agriotes obscurus following topical
application of various insecticides

This chapter was published as:

van Herk, W. G., R. S. Vernon, J. H. Tolman, and H. Ortiz Saavedra. 2008. Mortality of a
wireworm, Agriotes obscurus (Coleoptera: Elateridae), after topical application of various
insecticides. Journal of Economic Entomology 101: 111-117.

Figures do not appear in the original paper.
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3.1 Abstract

Ten insecticides representing 7 chemical groups were applied at various concentrations
topically using a Potter Spray Tower to evaluate their relative toxicities on the European wireworm,
Agriotes obscurus L.
(chlorpyrifos,

Wireworms were stored at 15°C after exposure to organophosphate

diazinon),

synthetic

pyrethroid

(tefluthrin),

thianicotinoid

(thiamethoxam,

clothianidin), chloronicotinoid (imidacloprid, acetamiprid), phenyl pyrazole (fipronil), organochlorine
(lindane), and spinosyn (spinosad) insecticides, and their post-application health was evaluated
weekly for up to 301 d. LC50, LC90, LT50, and LT90 values were calculated for each chemical
except acetamiprid, and compared to those of lindane, clothianidin, and chlorpyrifos. Wireworms
exposed to OPs died or recovered more quickly (LT50 < 20 d, LT90 < 50 d), than those exposed
to all other insecticides tested except tefluthrin (LT50 = 25.5 d, LT90 = 66.5 d). Wireworms
exposed to sublethal concentrations of all neonicotinoids quickly became moribund after
application but made a full recovery. Wireworms exposed to fipronil at concentrations near the
LC90 showed no intoxication symptoms for up to 35 d and did not recover after symptoms
appeared.

For each chemical, increasing the concentration increased the time required for

wireworms to recover but decreased the time required to kill wireworms. Fipronil was highly toxic
to wireworms (LC50 = 0.0001%), but acetamiprid (LC50 = 1.82%), imidacloprid (LC50 = 0.83%),
tefluthrin (LC50 = 0.23%), diazinon (LC50 = 0.54%) and spinosad (LC50 = 0.51%) were not. The
toxicity of both clothianidin (LC50 = 0.07%) and thiamethoxam (LC50 = 0.17%) were similar to
those of lindane (LC50 = 0.06%) and chlorpyrifos (LC50 = 0.10%).
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3.2 Introduction

The dusky wireworm, Agriotes obscurus L., and the lined click beetle, A. lineatus L., were
introduced to North America from Europe more than a century ago (Wilkinson 1963), and are now
becoming serious pests of potato, strawberry, cereal, forage and ornamental crops in British
Columbia (BC) (Vernon et al. 2001; van Herk and Vernon 2006). Both species have also been
identified as pests in the Atlantic provinces of Canada (Eidt 1953) and have recently been
discovered in Washington and Oregon in the USA (Vernon et al. 2001; LaGasa et al. 2006).
Several other wireworm species are also known to be serious crop pests in North America,
including the Pacific Coast wireworm, Limonius canus (LeConte), the sugarbeet wireworm, L.
californicus (Mann), the prairie grain wireworm, Ctenicera destructor (Brown), the Great Basin
wireworm, C. pruinina (Horn), the wheat wireworm, A. mancus (Say), Melanotus communis (Gyll),
and Conoderus sp. (Horton and Landolt 2002, Kuhar et al. 2003).
Although wireworms were once considered major agricultural pests throughout the northern
hemisphere, their pest status was greatly reduced after WWII with the widespread use of
chlorinated hydrocarbon (OC), organophosphate (OP) and carbamate insecticides applied to the
soil. Some of the more persistent OC insecticides, including heptachlor, were reported to control
wireworm populations in fields for up to 13 years (Wilkinson et al. 1976).

With the global

abandonment of the highly persistent OCs, however, and the more recent attrition of many of the
more effective OP and carbamate wireworm insecticides, wireworm problems are once again
increasing.

While the insecticide market has been dominated with OPs, carbamates, and

synthetic pyrethroids since the 1970s, neonicotinoid and phenyl pyrazole insecticides have
recently become established world-wide as key components in insect control programs
(Maienfisch et al. 2001). These new insecticides are claimed to give good control of wireworms.
Imidacloprid and fipronil are reported to be effective against Agriotes sp. for corn (Pons and
Albajes 2002, Colliot et al. 1992), and thiamethoxam has excellent and long-lasting activity against
Agriotes sp. and Melanotus sp. for both corn and sugarbeet (Maienfisch et al. 2001).

Both

imidacloprid and clothianidin are reported to offer better control of Melanotus sp. for corn than
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chlorpyrifos and tefluthrin (Andersch and Schwarz 2003).

However, these assessments of

insecticide efficacy are based on crop stand protection alone (Andersch and Schwarz 2003; Pons
and Albajes 2002), and not on their direct effect on wireworms.
While a reduction in the wireworm population is frequently inferred from improvements in
crop yield (Albajes et al. 2003), the direct effect on wireworms of virtually all insecticides
commonly used for wireworm control have not been previously reported. Except for chlorpyrifos
(Hall and Cherry 1985), the relative toxicities of the insecticides tested against wireworms in this
study have not been previously described. This scarcity of toxicity bioassays for wireworms is
understandable. Subterranean insect larvae are difficult to study in general, and wireworms are
very long-lived and often difficult and costly to collect from the field. Wireworm toxicity studies are
frequently complicated further by the insect’s ability to make a full recovery after extensive periods
of morbidity (Lehman 1933, Chapter 2). Wireworms exposed to sublethal doses of insecticide
may appear dead and show no movement detectable to the unaided eye. Prematurely removing
these “dead” wireworms from the study can easily lead to overestimations of an insecticide’s
effectiveness.
In this paper we present the concentration required to kill 50% (LC50) and 90% (LC90) and
the time required to kill 50% (LT50) and 90% (LT90) of A. obscurus after topical exposure to 10
insecticides representing 7 chemical groups. The implications of differences in relative toxicities
and in the ability to recover from a moribund state are discussed.

3.3 Materials and methods

3.3.1 Wireworm selection

Late instar larvae of A. obscurus were collected from a field in Agassiz, BC (49° 14’ N, 121°
®

46’ W) in October and November, 2003. Wireworms were stored at 5°C in 40 liter Rubbermaid

tubs filled with soil from the same field. No insecticides had been used in the field for at least 15
y. All wireworms were transported to the Southern Crop Protection and Food Research Centre
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(SCPFRC) in London, Ontario in January, 2004, where they were transferred to plastic 10 liter
tubs filled with local sandy loam soil, and stored at 21°C. As recently moulted wireworms may be
more susceptible to topical application of insecticides, only feeding (and therefore non-moulting)
wireworms were used in these bioassays. Large slices of Russet potato were placed cut face
down in the soil about 2 – 4 d prior to each bioassay, and feeding wireworms periodically removed
and stored in a small container with soil at room temperature 1 – 2 d before being exposed to
insecticides. All wireworms used in these bioassays were at least 16 mm long. According to the
criteria of Subklew (1934), these larvae would have been 3 to 4 y old.

3.3.2 Pesticide application

Insecticides were applied directly to wireworms using a Potter Spray Tower (Burkhard
Scientific, UK) at SCPFRC (Fig. 3.1). The Tower is widely used to apply insecticides (Hilton et al.
1998), essential oils (Da Silva and Martinez 2004), and fungal spores (Danfa and van der Valk
1999) in a fine mist onto beetle adults and larvae, and exposing insects in a Tower is an efficient
and established technique for rapidly assessing and comparing the relative toxicities of different
insecticides. The 10 insecticides tested at different concentrations on A. obscurus represented
seven

chemical

classes:

thianicotinoid

(thiameth-oxam,

clothianidin),

chloronicotinoid

(imidacloprid, acetamiprid), phenyl pyrazole (fipronil), synthetic pyrethroid (tefluthrin), OC
(lindane), OP (diazinon, chlorpyrifos), and spinosyn (spinosad). All insecticides were dissolved in
®

a 19:1 solution of acetone (histology grade, > 99% purity) and olive oil (Maestro 100% Extra
Virgin) (Hilton et al. 1998). Olive oil prevents the insecticides from coming out of solution and
crystallizing on the insect cuticle, as sometimes occurs when insecticides are dissolved at high
concentrations in pure acetone (W.G.v.H., personal observation).
Five wireworms were weighed individually and placed in a 5.0 cm sterile plastic Petri dish
(Gelman Sciences, Ann Arbor, MI) in the Tower (Fig. 3.2). The shallow (4 mm) Petri dish used
ensured that wireworms, which tend to orient close to the edge, received the same amount of
spray as those in the center. The Tower was calibrated before the experiment to deliver 5.0 ml of
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insecticide solution in a uniform (11.9 cm diameter) application pattern (Hilton et al. 1998).
Uniformity of spray deposition was visualized by applying 5.0 ml of a 0.01% red dye solution onto
filter paper. Application of the control solution onto filter paper indicated that the spray did not
resolve into individual droplets, confirming that the olive oil did not interfere with the spray
application.
At least one batch of 5 wireworms was exposed to the control solution whenever a chemical
was tested.

Control solutions were always applied first and the insecticide solutions applied

thereafter from the lowest to the highest concentrations.

Two (sometimes 4) batches were

exposed to each concentration at a time. Each concentration was tested 2 or 4 times on at least
two separate days. To compute LC and LT values for each insecticide, wireworms were exposed
to a minimum of 5 concentrations with 40 wireworms exposed per concentration. A minimum of
20 wireworms were exposed to any additional concentrations. Due to the limited availability of
acetamiprid, only 20 wireworms were tested per concentration.

3.3.3 Post-application observations

Treated wireworms were allowed to air-dry for approximately 1 min, after which they were
placed into 150 ml Dixie cups (Georgia-Pacific Consumer Products, Augusta, GA) containing 100
g pasteurized sandy-clay loam soil (moisture content 15%) and a small (approx. 10 g) piece of
Russet potato. Both the potato piece and the wireworms were placed on the surface of the soil.
Water (5.0 ml) was added to each cup every week to maintain moisture levels, and cups were
covered with the lid of a Pyrex Petri dish to permit air exchange but prevent wireworm escape. All
cups were stored in the dark in a rearing chamber with humidity near saturation and a constant
temperature of 15°C. The lower temperature was selected to simulate the temperature of soil in
Spring, when pesticides would normally be applied in BC. Wireworms were briefly removed from
the chamber each week to assess their health.
Wireworms were inspected 1, 4, and 7 d after treatment (DAT) and every week thereafter
for up to 301 d.

Wireworms were carefully removed from the post-application cups with soft-
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touch forceps, and placed in the center of a 15 cm Petri dish lined with moistened filter paper
(Whatman No. 1). Wireworm health was assessed according to Chapter 2. Wireworms that
could move out of a 10 cm circle drawn on the center of filter paper within 2 min were designated
as “alive”.

Wireworms that were incapable of directed movement but capable of clearly visible

movements were designated “writhing”. All wireworms that made no visible movements when
gently prodded with forceps were inspected under a dissecting microscope and designated as “leg
and mouthpart” if they were able to move their legs and mouthparts or “mouthpart-only” if that was
all they could move. Wireworms that were incapable of movement were considered to be dead,
but were not removed from the study until they showed signs of decomposition. All wireworms
exposed to insecticides were checked for at least two additional weeks after all wireworms in the
cup had either made a full recovery or died from insecticide-induced morbidity before they were
removed from the study. All control wireworms were checked until the last insecticide-exposed
wireworms in the accompanying treatment were removed from the study. The potato bait was
replaced each time wireworms were checked. When all wireworms exposed to an insecticide
either showed no symptoms of intoxication or had died, the insecticide treatment was considered
to be “resolved”. Insecticide concentrations are said to cause zero, partial, or complete mortality
if, respectively, zero, some, or all wireworms exposed to that concentration died.
To assess the effect of temperature on the effectiveness of an insecticide and the time
required to kill wireworms, 2 batches of wireworms were exposed in the tower to 3 concentrations
of diazinon, chlorpyrifos, lindane, thiamethoxam, clothianidin, imidacloprid, and fipronil, and stored
at 20°C. These wireworms were selected, treated, and checked as above. A single batch of
wireworms was exposed to the control solution for each insecticide applied.
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3.3.4 Statistical methods

3.3.4.1 LC50 and LC90 analyses

LC50 and LC90 estimates, along with 95% confidence intervals, were computed from the
probit model (SAS 9.1; SAS Institute 2002; Southwood 1978). Due to the small number of
wireworms per batch, the goodness of fit of the probit model could not be computed from the
standard chi-square distribution. P values were therefore computed using a parametric bootstrap
procedure. For each chemical, 1000 data sets were simulated from the fitted probit model, and
deviance statistics were generated by refitting the model to each simulated data set. The
distribution of the simulated deviance statistics was then used to compute the P value for the
original chi-square distribution. Since bootstrap P values are computed through simulation and
are only estimates of the true P value, standard errors are provided to judge their precision. To
accommodate data overdispersion, the variance of the binomial distribution was multiplied by a
scale parameter (i.e., the deviance statistic computed for a concentration of a chemical divided by
its degrees of freedom). Control wireworm mortality was incorporated into LC analyses.

3.3.4.2 LT50 and LT90 analyses

Survivorship was modeled separately for each chemical with non-parametric Kaplan-Meier
survival curves (Cox and Oakes 1984; Lawless 2003) using Proc LIFETEST (SAS 9.1). The LT50
and LT90 values of wireworms susceptible to a certain concentration were estimated using these
models. Standard errors were computed using a non-parametric bootstrap procedure. For each
insecticide concentration, 5000 new bootstrap data sets of the same size as the original were
generated by drawing, with replacement, from the original data set. Kaplan-Meier curves were fit
to each bootstrap data set. The standard error of the LT values was then approximated by the
standard deviation of the bootstrap LT values. Parametric models with survival times following a
Weibull distribution were tested, but provided a poor fit.
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3.3.4.3 Comparisons

Pair-wise comparisons were made between various LC50s and LC90s by comparing the
difference between two values to 0 with a Z-test. Due to the large number of comparisons, a
modified Bonferonni adjustment was made to the P value to prevent false positive tests of
significance (Jaccard and Wan 1996), and tests were considered significant if P ≤ 0.002.
Comparisons between Kaplan-Meier curves were made using the log-rank test. Curves were
compared between different chemicals at the lowest concentrations that killed at least 90% of the
wireworms exposed.

Comparisons of survival curves were also made between different

concentrations of the same chemical to determine if increasing the concentration decreased the
time required to kill wireworms. Comparisons between individual LT90 values were made with
Wald tests. LC50 and LC90 values and mortality curves of all insecticides (except acetamiprid)
were compared to those of chlorpyrifos, lindane, and clothianidin. Comparisons were made to
these insecticides as lindane has been used extensively in North America for wireworm control,
chlorpyrifos is provisionally registered (emergency use registration) on potatoes in parts of
Canada, and clothianidin is being used for wireworm control on corn in Canada.
Wireworms that escaped from post-application cups were not included in LC and LT
analyses.

The proportion of wireworms ‘dead’ in the control treatments out of the number

checked each week after treatment was modelled with linear regression (Proc REG, SAS 9.1).

3.4 Results

3.4.1 General observations

Wireworm escape from post-application cups was negligible (i.e., 6 of 2685 used in
bioassays). Repeated wireworm handling and exposure to control solution caused little (20 / 242)
wireworm mortality, and there were no significant differences (P > 0.5) among treatments in
control wireworm mortality. Linear regression of the total number of wireworms dead out of the
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total number of control wireworms checked each week after application indicated that the rate of
mortality remained constant over time: Y = 0.00044X – 0.0095, where Y = proportion mortality and
2

X = days after exposure (SE slopes = 0.00001, 0.0018, respectively; P < 0.0001, P < 0.0001; R =
0.98, df = 43, residual MSE = 4.1E-05). Of the wireworms that died, there was no evidence of
parasitism by mermithid nematodes, a parasite of A. obscurus (Subklew 1934) commonly
observed to exit from wireworms collected from other fields in Agassiz (W.G.v.H., personal
observation).

The low mortality in the control wireworms suggests that wireworms were not

significantly affected by the carrier solvent, handling procedures or storage conditions.
Insecticide efficacy health is commonly determined 1 wk (or less) after topical exposure
with a Potter Spray Tower (Hilton et al. 1998).

However, very long observation periods are

required for wireworms. For all insecticides tested, wireworms could often recover after being
moribund for months (Chapter 2). During this long intoxication period, wireworms showed three
distinct intoxication behaviours. While these intermediate morbidity stages (described in Chapter
2) were similar for all insecticides tested, there were notable differences in wireworm movement
between morbidity categories, and in their ability to make a full recovery (Chapter 2). In addition,
intoxication symptoms were not immediate in all insecticides and some wireworms were found
feeding on the potato cube after they had been exposed to insecticides and before becoming
moribund. Moribund wireworms were unable to feed.
Wireworms exposed to fipronil at 0.0001 and 0.00025% sometimes appeared to make a full
recovery but died shortly thereafter.

This temporary recovery behaviour was only seen with

fipronil, and caused some (14) apparently healthy wireworms exposed at 0.0001% to be removed
prematurely from the study 182 DAT to reduce the amount of observations. This error only
occurred in the lowest concentration of fipronil tested on wireworms and may have caused an
underestimation of fipronil’s efficacy. Comparison of Kaplan-Meier models of fipronil (Fig. 3.3),
and comparison with the LT90 values of fipronil at other concentrations (Table 3.3) indicated that
wireworms that recovered after exposure to 0.0001% should have been kept for at least 300 d. It
was difficult to determine the approximate LC50 range with initial experiments (data not shown).
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Wireworms exposed to imidacloprid showed complete knockdown and recovery when
exposed to concentrations far below the LC50 (e.g., 0.05%), leading to selection of concentrations
that ultimately gave no mortality (Chapter 2). Wireworms exposed to fipronil at concentrations
well above the LC50 (e.g., 0.00025%) showed no intoxication symptoms until 5 wk after topical
exposure (Chapter 2). For some insecticides (i.e., imidacloprid, acetamiprid) the range of
concentrations that could be tested was limited by solubility and the ability of the Potter spray
tower to dispense the solution. Solutions greater than 2.0% created uneven spray patterns and
led to droplet formation.

3.4.2 LC50, LC90 values

Insecticide concentrations required to kill wireworms differed considerably among
insecticides, ranging from very high (acetamiprid, imidacloprid, spinosad, tefluthrin, diazinon) to
very low (fipronil) (Table 3.1).

The very high concentrations of imidacloprid, spinosad, and

tefluthrin required to kill more than 90% of wireworms caused the LC50 and LC90 of these
insecticides to be significantly higher than those of chlorpyrifos, clothianidin, and lindane (Table
3.2). Complete mortality was not observed at the highest concentrations of imidacloprid (2.0%)
that could be tested, and was only observed at high concentrations (≥ 1.0%) for spinosad and
tefluthrin. Low mortality was observed at even the highest rate (1.5%) of acetamiprid that could
be tested. Both the LC50 and LC90 of diazinon were significantly higher than those of chlorpyrifos
(Table 3.2).
Of the thianicotinoid insecticides tested, thiamethoxam had a significantly higher LC50 and
LC90 than clothianidin (Table 3.2). While the LC50 and LC90 of thiamethoxam were significantly
higher than those of chlorpyrifos (Table 3.2), the LC50 of clothianidin was significantly lower than
that of chlorpyrifos and there was no significant difference between LC90s of the two chemicals
(Table 3.2). In addition, both the LC50 and LC90 of clothianidin were significantly lower than
those of thiamethoxam, but similar to those of lindane (Table 3.1, 3.2). Like clothianidin, the LC50
of lindane was significantly lower than those of both chlorpyrifos and diazinon (Table 3.2).
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The lowest LC50 and LC90 were computed for fipronil, where considerable mortality was
observed at all concentrations tested.

Half of all (40) wireworms exposed to the lowest

concentration (0.0001%) died, and complete mortality was observed at 0.00075%. Consequently,
the LC50 and LC90 of fipronil were significantly lower than those of all other insecticides tested
(Table 3.2). As some wireworms exposed to the lowest concentration of fipronil were removed
from the study prematurely (discussed above), more wireworms exposed to this concentration
would likely have died had they been observed longer. Hence the low LC50 of fipronil reported
here is probably a conservative estimate.
Considerable differences were observed among insecticides in the range of concentrations
that caused partial mortality. With chlorpyrifos, no mortality was observed below 0.067%, and
nearly complete mortality occurred at 0.15%. Insecticides with a wide range included imidacloprid
(0.1 – 2.0%), tefluthrin (0.1 – 0.75%), clothianidin (0.01 – 0.1%) and diazinon (0.1 – 0.67%).

3.4.3 LT50, LT90 values

There were considerable differences among insecticides in the time required for moribund
wireworms to fully recover or die after exposure. Resolution was quickest after exposure to
chlorpyrifos, diazinon, or tefluthrin (Table 3.3). At high concentrations (> LC90) wireworms died
significantly more rapid when exposed to chlorpyrifos than when exposed to all other chemicals
tested, except diazinon and tefluthrin (Table 3.4). All wireworms exposed to chlorpyrifos (0.067 –
0.15%) died or fully recovered within 63 DAT, and 99.6% of wireworms died or fully recovered 77
DAT after exposure to diazinon (0.1 – 1.0%).
Wireworm recovery was considerably slower after exposure to thiamethoxam, clothianidin,
and lindane. There was no significant difference between the LT90 of clothianidin and lindane
(Table 3.3, 3.4), and the difference between the survival curves of clothianidin (0.25%, LC99) and
lindane (0.1%, LC83) was only marginally significant (Table 3.4). While there was no significant
difference between the survival curves of the two thianicotinoids at concentrations near the LC90
(Table 3.4), the LT90 of thiamethoxam was significantly greater than that of clothianidin (Table
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3.3, 3.4). No mortality was seen at concentrations of lindane near the LC50 (i.e., 0.05%) until 21
DAT, causing significant differences between the survival curves of wireworms exposed to lindane
(0.1%) and tefluthrin (0.75%, LC99) and diazinon (1.0%, LC96) (Table 3.4). Similarly, the LT50 of
lindane (0.1%) was significantly greater than those of diazinon (1.0%) and tefluthrin (0.75%).
There was no significant difference between the LT90s of the three chemicals (Table 3.3).
Wireworms exposed to lindane (0.1%) also died significantly slower than those exposed to
clothianidin (0.25%) (Table 3.4).
Resolution was slower in imidacloprid than in the thianicotinoid insecticides. Comparison of
survival curves indicated that wireworm mortality after exposure to imidacloprid (2.0%, LC96) was
significantly slower than after exposure to chlorpyrifos (0.15%, LC93) and clothianidin (0.25%), but
not significantly slower than after exposure to lindane (0.1%) (Table 3.4).
Wireworm recovery and mortality were slowest in spinosad and fipronil. Comparison of
survival curves indicated that A. obscurus exposed to spinosad (1.0%, LC97) died significantly
slower than those exposed to clothianidin (0.25%), but not slower than those exposed to lindane
(1.0%) (Table 3.4).

Similarly, the LT90 of spinosad was significant greater than those of

clothianidin and lindane (Table 3.3, 3.4).
Wireworms exposed to the lowest concentrations of fipronil tested required up to 301 d to
recover or die. Wireworms exposed to fipronil (0.00025%, LC79) died significantly slower than
those exposed to clothianidin (0.25%) and lindane (0.1%) (Table 3.4). Unlike other chemicals,
symptoms of fipronil intoxication were not seen 1 or 7 DAT in concentrations near the LC90. No
mortality or symptoms of intoxication were seen until 84 DAT when wireworms were exposed to
fipronil (0.0001%, LC50), and until 35 DAT when they were exposed to 0.00025% (Chapter 2).
Some wireworms exposed to fipronil (0.00025%) were still able to feed before they showed
symptoms of intoxication. At higher concentrations, mortality and morbidity symptoms were more
immediate (discussed below). Only 10 (of 40) wireworms exposed to fipronil (0.001%, LC100)
showed symptoms of morbidity 7 DAT, but all exposed at 0.01% showed symptoms 7 DAT. At all
but the lowest concentration tested, wireworms were not able to fully recover after intoxication
symptoms became apparent.
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3.4.3.1 Effect of increasing concentration on resolution duration

Increases in concentration significantly increased the time required for wireworms to make
a full recovery, but decreased the time required for them to die in nearly all treatments. A high
proportion of wireworms exposed to clothianidin were moribund 7 DAT at both 0.005% (0.85) and
0.05% (1.0), but the recovery time increased from 84 to 161 DAT. Increasing the concentration to
0.5% reduced the time required for wireworms to die to 91 DAT. Similarly, a high proportion of
wireworms exposed to imidacloprid were moribund 7 DAT at 0.05% (0.65), 0.075, 0.1, and 1.0%
(1.0, each), but the recovery time increased from 21 to 28, 160 and 174 DAT (respectively). All
wireworms exposed to acetamiprid were moribund 1 DAT, but those that recovered after
exposure to low (0.05, 0.5%) concentrations recovered more quickly than those exposed to higher
(1.0, 1.5%) concentrations (28, 35, 77, 112 DAT, respectively).

Wireworms recovered more

quickly after exposure to low concentrations of chlorpyrifos and diazinon than high concentrations
(chlorpyrifos: 0.067%, 21 DAT vs. 0.15%, 42 DAT; diazinon: 0.2%, 63 DAT vs. 0.67%; 77 DAT).
Exposure to thiamethoxam at 0.005, 0.05, and 0.5% caused most (0.75, 1.0, 1.0, respectively)
wireworms to be moribund 7 DAT, but the recovery time increased from 126, to 189 and 294 DAT,
respectively.

Finally, most wireworms exposed to tefluthrin were moribund 1 DAT (0.01%: 0.9;

0.1%: 1.0), but all eventually made a complete recovery (by 42, 126 DAT, respectively).

3.4.3.2 Effect of increasing the concentration within the effective range on
survival time

Within the effective range of an insecticide, increasing the concentration significantly
reduced the time required to kill wireworms in some chemicals but not in others. The time
required to kill wireworms exposed to fipronil decreased significantly as the concentration was
increased from 0.00025 to 0.0005%, 0.0005 to 0.001%, and 0.001 to 0.005% (Table 3.3, 3.5).
Further increases in concentration did not decrease resolution time (Table 3.3, 3.5). Similarly,
comparison of survival curves indicated that A. obscurus exposed to lindane at 0.50% (LC100)
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died significantly more quickly than those exposed to 0.10% (c = 17.20, P < 0.0001), but
wireworms exposed to 0.075% (LC64) died as quickly as those exposed to 0.10% (P > 0.05).
The LT90 values calculated for lindane at 0.1 and 0.5% did not differ significantly (P > 0.05).
However, comparison of both survival curves and LT90 values revealed no significant (P >
0.05) differences in the estimated survival time of wireworms exposed to clothianidin at 0.10%
(LC69) and 0.25% (LC99), thiamethoxam at 0.25% (LC72) and 0.50% (LC99), imidacloprid at
1.0% (LC60) and 2.0% (LC96), spinosad at 0.50% (LC49) and 1.0% (LC97), tefluthrin at 0.25%
(LC53) and 0.75% (LC99), chlorpyrifos at 0.10% (LC53) and 0.15% (LC93), and diazinon at
0.50% (LC44) and 1.0% (LC96).

3.4.4 Effect of temperature

A greater proportion of wireworms died when maintained at 20°C after exposure to
chlorpyrifos, diazinon, clothianidin, thiamethoxam, lindane and fipronil (data not shown) than died
when maintained at 15°C after exposure to the same concentration of the chemical. In addition,
wireworm recovery and mortality was much more rapid at 20°C than at 15°C (data not shown).

3.5 Discussion

3.5.1 LC50, LC90

The above results indicate that there are considerable differences in insecticide
concentrations required to control wireworms with topical application both within and among
different chemical classes. Of the chemicals tested, fipronil was at least 100 times more toxic
than other insecticides. These results contradict Liégeois’ conclusion (in Chaton et al. 2003) that
fipronil has a low integumental penetration rate. Although very low concentrations of fipronil may
give complete control of A. obscurus, they may not suffice to protect certain crops (i.e., cereals
and corn), as the delayed knock-down period may enable wireworms to continue damaging
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plants. While both fipronil and lindane target GABA-gated chloride channels (Casida 1993; Hainzl
and Casida 1996) in the insect nervous system, much higher concentrations of lindane were
required to kill wireworms. This may be due in part to fipronil’s metabolism in insects (discussed
below). Lindane has long been used for wireworm control and its efficacy in the field may be due
in part from its repellency to wireworms (Chapter 8; Long and Lilly 1958) and from their prolonged
morbidity after ingestion (Chapter 9).
Both clothianidin and thiamethoxam (thianicotinoids) were considerably more toxic to A.
obscurus than imidacloprid and acetamiprid (chloronicotinoids). In contrast, James (2003) found
topical applications of imidacloprid more effective than thiamethoxam on larvae of the Asian lady
beetle, Harmonia axyridis. Higher concentrations of thiamethoxam than clothianidin were needed
to kill A. obscurus, indicating that there may be differences in the toxicity of insecticides within the
same chemical class. Since thiamethoxam is metabolized to clothianidin in insects (Nauen et al.
2003), wireworms exposed to thiamethoxam may have been affected mainly by the metabolite,
explaining why higher concentrations of thiamethoxam were necessary. The difference between
the LC90 of diazinon and chlorpyrifos further illustrates the differences in efficacy between
insecticides within the same chemical class. In contrast, both chemicals were equally effective
when topically applied to susceptible third instar larvae of the Colorado Potato Beetle,
Leptinotarsa decemlineata (Harris and Svec 1976), and diazinon was much more effective than
chlorpyrifos on H. axyridis larvae (James 2003).
Of the chemicals tested, fipronil, clothianidin, chlorpyrifos and thiamethoxam appear to be
the most effective. The high mortality of fipronil at extremely low concentrations, and the similar
LC values of clothianidin and thiamethoxam to lindane and chlorpyrifos, both suggest that these
insecticides may be effective in field. In contrast, the high concentrations of spinosad, tefluthrin,
diazinon, imidacloprid and acetamiprid required to kill wireworms suggest that these chemicals
may be ineffective for wireworm control in the field. In addition, the repellency of tefluthrin and
imidacloprid (at high concentrations) to A. obscurus (Chapter 8) would make these insecticides
less likely to reduce wireworm populations.
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3.5.2 LT50, LT90

For all chemicals tested except chlorpyrifos, diazinon and tefluthrin, moribund wireworms
required a long time to die or recover (LT50 > 6 wk, LT90 > 13 wk). In addition, the studies with
fipronil indicate that wireworms exposed to some insecticides at effective concentrations may not
have symptoms of intoxication for extended periods of time. This illustrates the importance of
long term observations in insecticide efficacy studies done on wireworms. Wireworm mortality
long after exposure to an insecticide has been reported previously.

Long and Lilly (1958)

observed that mortality of M. communis larvae continued for up to 10 wk after exposure to
lindane. Similarly, Lange et al. (1949) observed that mortality of Limonius canus, L. californicus,
Aeolus sp. and Anchastus sp. continued up to 16 wk after exposure to lindane. Hall and Cherry
(1985) exposed M. communis to various OPs and observed their mortality for 2 wk. Such a brief
observation period may be adequate for evaluating the toxicity of OPs on wireworms, but would
not be long enough to determine the efficacy of the newer classes of insecticides, particularly
since wireworms are often capable of recovering after extended moribund periods (Chapter 2).
Brief observation periods would likely cause LC50 and LC90 values to be under-estimated in
chemicals from which wireworms are knocked down at concentrations well below the actual LC50
(e.g., imidacloprid, tefluthrin) and to be over-estimated in chemicals from which wireworms are not
knocked down until several weeks, even at concentrations near the LC90 (e.g., fipronil). The
ability of wireworms to recover from morbidity induced by sublethal concentrations of tefluthrin has
recently been reported for other wireworm species (i.e., L. canus, Chapter 5).

3.5.3 Differences between chemical classes

The insecticide chemistry and/or how it targets the insect nervous system may determine
how long it takes for wireworms to die or recover. Wireworms exposed to OPs died or recovered
quickly. All neonicotinoids tested induced morbidity in wireworms at concentrations near the LC50
and required a long time to resolve. Spinosad, which also targets acetylcholine receptors (Nauen
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and Bretschneider 2003), caused morbidity in wireworms at concentrations near the LC50, and
required a long time to resolve. However, while both lindane and fipronil target GABA receptors
and take very long to resolve, the two chemicals have very different intoxication profiles. All
wireworms exposed to lindane at concentrations near the LC50 were moribund 1 DAT, but
wireworms exposed to fipronil showed no intoxication symptoms until much later (see above).

3.5.4 Effect of concentration

Increasing the concentration of an insecticide increased the time required for moribund
wireworms to recover and decreased the time required for wireworms to die in nearly all
treatments.

Comparison of survival curves and LT90 values calculated for different

concentrations of fipronil indicate that the time required for wireworms to die decreases
dramatically when the concentration is increased but eventually levels off. This suggests that
while complete control may be achieved with extremely low concentrations of fipronil, slightly
higher doses may accelerate the efficacy of fipronil. In addition, increasing the concentration of
fipronil also decreases the time required to induce intoxication symptoms. Both the high toxicity
and unique delayed post-application intoxication behaviour of fipronil may result from its slow
oxidation to fipronil sulfone in insects (Hainzl and Casida 1996). In some insect species this
metabolite binds more tightly to GABA receptors and is more toxic than the parent compound
(Scharf et al. 2000).

3.5.5 Evaluation

Long term observations of wireworms after topical application reveal the actual effects
these insecticides have on wireworms, and permit accurate LC assessments. Comparisons of
the LC50 and LC90 values of novel insecticides to currently registered products enable evaluation
of their relative toxicities on A. obscurus. Based on LC50 and LC90 comparisons with lindane and
chlorpyrifos, spinosad, diazinon, tefluthrin, imidacloprid and acetamiprid appear to be relatively
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ineffective against A. obscurus.

In contrast, fipronil appears to be highly toxic, and both

clothianidin and thiamethoxam appear to be comparable to lindane and chlorpyrifos in toxicity.
The long time required for most chemicals to resolve, the delayed symptoms in fipronil, and the
ability to recover from near death situations, all emphasize the importance of weekly post-contact
health checks after exposure to insecticides to eliminate the danger of over- or under-estimating
the toxicity of insecticides.

Finally, the temperature at which insects are maintained after

exposure to insecticides may significantly affect their mortality, suggesting that studies to
determine the efficacy of an insecticide on soil insects should be done at temperatures that are
more representative of soil temperatures in the field when the insecticide is applied.
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3.8 Tables and figures

Table 3.1 Toxicity of various insecticides topically applied to A. obscurus larvae.
LC50

LC90

(95% CL) %

(95% CL) %

27.42 (2.89)

0.10
(0.09 – 0.10)

259

3.72 (0.59)

Lindane

300

Imidacloprid

2

c (df)

P (SE)

0.14
(0.13 – 0.16)

35.93 (53)

0.25
(0.014)

0.54
(0.46 – 0.62)

0.88
(0.73 – 1.04)

32.39 (44)

< 0.0001
(< 0.0001)

24.45 (2.44)

0.06
(0.05 – 0.07)

0.11
(0.10 – 0.12)

20.17 (57)

0.89
(0.011)

330

1.49 (0.16)

0.83
(0.69 – 0.97)

1.69
(1.42 – 1.96)

56.35 (59)

0.01
(0.003)

Acetamiprid

109

1.39 (0.30)

1.82
(1.46 – 2.19)

n/a

10.01 (20)

0.64
(0.015)

Thiamethoxam

288

7.02 (1.06)

0.17
(0.13 – 0.21)

0.35
(0.27 – 0.43)

49.90 (52)

0.001
(0.001)

Clothianidin

275

15.75 (2.59)

0.07
(0.05 – 0.08)

0.15
(0.11 – 0.19)

34.45 (49)

0.019
(0.004)

Tefluthrin

280

4.46 (0.52)

0.23
(0.19 – 0.28)

0.52
(0.44 – 0.60)

37.51 (52)

0.10
(0.010)

Fipronil

309

5312.85
(765.91)

0.0001
(0.00006 –
0.00015)

0.0003
(0.0002 –
0.0004)

28.71 (58)

0.008
(0.003)

Spinosad

238

3.75 (0.51)

0.51
(0.43 – 0.59)

0.85
(0.73-0.97)

18.19 (42)

< 0.0001
(< 0.0001)

Insecticide

n

Slope (SE)

Chlorpyrifos

290

Diazinon
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Table 3.2 Comparison of LC50 and LC90 values of various insecticides (test chemicals)
topically applied to A. obscurus larvae to the LC50 and LC90 values of chlorpyrifos, clothianidin,
and lindane (standards).
Difference (SE)
Standard

Test Chemical

between LC50

Difference (SE)
P

values
Chlorpyrifos

Clothianidin

Lindane

between LC90

P

values

Diazinon

0.44 (0.040)

< 0.0001

0.74 (0.080)

< 0.0001

Lindane

0.04 (0.005)

< 0.0001

0.03 (0.009)

0.0003

Imidacloprid

0.73 (0.074)

< 0.0001

1.54 (0.139)

< 0.0001

Thiamethoxam

0.07 (0.020)

0.0004

0.21 (0.041)

< 0.0001

Clothianidin

0.03 (0.009)

0.001

0.01 (0.020)

0.79

Tefluthrin

0.13 (0.024)

< 0.0001

0.37 (0.041)

< 0.0001

Fipronil

0.10 (0.004)

< 0.0001

0.14 (0.006)

< 0.0001

Spinosad

0.41 (0.042)

< 0.0001

0.70 (0.061)

< 0.0001

Diazinon

0.47 (0.041)

< 0.0001

0.74 (0.082)

< 0.0001

Lindane

0.01 (0.009)

0.39

0.04 (0.020)

0.07

Imidacloprid

0.76 (0.074)

< 0.0001

1.54 (0.140)

< 0.0001

Thiamethoxam

0.10 (0.021)

< 0.0001

0.20 (0.045)

< 0.0001

Tefluthrin

0.16 (0.025)

< 0.0001

0.37 (0.045)

< 0.0001

Fipronil

0.07 (0.008)

< 0.0001

0.15 (0.019)

< 0.0001

Spinosad

0.44 (0.043)

< 0.0001

0.70 (0.064)

< 0.0001

Diazinon

0.48 (0.040)

< 0.0001

0.77 (0.080)

< 0.0001

Imidacloprid

0.77 (0.074)

< 0.0001

1.58 (0.139)

< 0.0001

Thiamethoxam

0.11 (0.019)

< 0.0001

0.24 (0.041)

< 0.0001

Tefluthrin

0.17 (0.024)

< 0.0001

0.41 (0.041)

< 0.0001

Fipronil

0.06 (0.003)

< 0.0001

0.11 (0.006)

< 0.0001

Spinosad

0.45 (0.042)

< 0.0001

0.74 (0.061)

< 0.0001
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Table 3.3 Survival of A. obscurus larvae following topical application of various insecticides.
Both LT50 and LT90 values were calculated from Kaplan-Meier survival curves at the lowest
concentration tested that caused at least 90% mortality; for lindane and fipronil additional LT
values are given for higher concentrations.

Insecticide

n

Concentration (%)

LT50 (SE) days

LT90 (SE) days

Chlorpyrifos

40

0.15

5.0 (1.44)

24.5 (6.35)

Diazinon

20

1.0

17.5 (4.22)

45.5 (38.46)

Lindane

40

0.075

94.5 (21.34)

136.5 (4.59)

40

0.1

94.5 (12.51)

129.5 (6.85)

40

0.25

52.5 (19.30)

115.5 (7.61)

40

0.5

42.0 (11.15)

115.5 (10.91)

Imidacloprid

40

2.0

101.5 (8.09)

143.5 (9.80)

Thiamethoxam

40

0.5

73.5 (18.51)

164.5 (16.95)

Clothianidin

40

0.25

80.5 (9.20)

122.5 (4.93)

Tefluthrin

40

0.75

24.5 (3.87)

66.5 (29.57)

Fipronil

40

0.00025

230.0 (15.74)

290.5 (6.70)

40

0.0005

150.5 (17.87)

262.5 (12.06)

40

0.00075

66.5 (4.92)

150.5 (23.25)

40

0.001

59.5 (6.90)

108.5 (13.42)

20

0.0025

52.5 (10.34)

80.5 (7.81)

20

0.005

35.0 (7.12)

52.5 (13.80)

20

0.0075

38.5 (9.29)

73.5 (11.15)

20

0.01

35.0 (7.50)

66.5 (6.38)

40

1.0

101.5 (17.82)

171.5 (8.34)

Spinosad

79

Table 3.4 Comparison of Kaplan-Meier survivorship curves (log-rank test) and LT90 values
(Wald test) calculated for various insecticides (test chemicals) topically applied to A. obscurus
larvae with survivorship curves and LT90 values of chlorpyrifos, clothianidin, and lindane
(standards). Comparisons were made between the lowest concentrations (Conc.) that caused ≥
90% mortality.
Standard

Conc.

Test Chemical

Clothianidin

Lindane

0.15

0.25

0.1

Survivorship curves
2

LT90 values

(%)

c

P

Z

P

Diazinon

1.0

5.66

0.017

-0.45

0.65

Lindane

0.1

65.81

< 0.0001

-11.24

< 0.0001

Imidacloprid

2.0

81.6

< 0.0001

-10.19

< 0.0001

Thiamethoxam

0.5

66.29

< 0.0001

-8.12

< 0.0001

Clothianidin

0.25

71.17

< 0.0001

-12.20

< 0.0001

Tefluthrin

0.75

35.48

< 0.0001

-1.39

0.16

Fipronil

0.00025

90.9

< 0.0001

-28.83

< 0.0001

Spinosad

1.0

77.25

< 0.0001

-14.02

< 0.0001

Diazinon

1.0

19.44

< 0.0001

2.08

0.04

Lindane

0.1

4.43

0.035

-0.83

0.41

Imidacloprid

2.0

6.1

0.014

-1.92

0.06

Thiamethoxam

0.5

3.58

0.059

-2.78

0.006

Tefluthrin

0.75

14.15

0.0002

1.87

0.06

Fipronil

0.00025

79.11

< 0.0001

-20.21

< 0.0001

Spinosad

1.0

10.39

0.0013

-5.08

< 0.0001

Diazinon

1.0

25.44

< 0.0001

2.24

0.03

Imidacloprid

2.0

0.55

0.46

-1.17

0.24

Thiamethoxam

0.5

0.81

0.37

-2.30

0.02

Tefluthrin

0.75

20.42

< 0.0001

2.08

0.04

Fipronil

0.00025

66.24

< 0.0001

-16.80

< 0.0001

Spinosad

1.0

3.78

0.052

-3.89

0.0001

(%)
Chlorpyrifos

Conc.
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Table 3.5 Comparison of Kaplan-Meier survivorship curves (log-rank test) and LT90 values
(Wald test) calculated for different concentrations of fipronil topically applied to A. obscurus
larvae.

Concentration

Concentration

Comparison of

Comparison of LT90

(%)

(%)

survivorship curves

values

2

c

P

Z

P

0.00025

0.0005

22.25

< 0.0001

2.03

0.04

0.0005

0.001

94.32

< 0.0001

8.73

< 0.0001

0.001

0.005

47.75

< 0.0001

2.73

0.006

0.005

0.01

2.11

0.15

-0.92

0.36
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Figure 3.1 (A) Potter Spray Tower used for insecticide applications; the red arrow indicates vial
into which the insecticide solution was released. (B) Platform in the bottom of the Tower on which
a Petri dish (indicated by arrow) containing wireworms was placed to receive the insecticide spray.
A.

B.
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Figure 3.2 Wireworm health checks. (A) Individual wireworms are removed from the soil with
soft-touch tweezers and placed in a 15 cm Petri dish lined with moist filter paper. (B) Wireworms
capable of moving out of a ring drawn onto the filter paper are considered to be healthy, or “Alive”.
Wireworms that show no visible movement are placed under a dissecting microscope to
determine if they are capable of moving their legs and/or mouthparts.
A.

B.
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Figure 3.3 Kaplan Meier (staggered lines) and cure rate models of the survival of A. obscurus
larvae exposed to fipronil at various concentrations AI in a Potter Spray Tower. The light and dark
green lines represent the time taken for 50% and 90% of larvae to die, respectively (i.e., the LT50,
LT90 value for that concentration). Wireworms exposed at 0.0001% AI fipronil were removed
from the study prematurely. As evident from the shape of the cure rate models, this concentration
would likely have produced > 50% mortality had wireworm health been observed for > 300 d.

0.0001%

Proportion alive

0.00025%

LT50
value
0.00075%
0.0005%

LT90
value

Days after topical application
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CHAPTER 4: Mortality of five wireworm species following topical
application of clothianidin and chlorpyrifos

This chapter was published as:

van Herk, W. G., R. S. Vernon, M. Clodius, C. Harding, and J. H. Tolman. 2007. Mortality of five
wireworm species (Coleoptera: Elateridae), following topical application of clothianidin and
chlorpyrifos. Journal of the Entomological Society of British Columbia 104: 55-63.
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4.1 Abstract

Five wireworm species (Agriotes obscurus, A. sputator, Limonius canus, Ctenicera
destructor, and C. pruinina) were exposed to clothianidin and chlorpyrifos at various
concentrations using a Potter Spray Tower to compare larval susceptibilities to these compounds.
Wireworms were stored in containers with soil at 15°C after insecticide exposure, and their postapplication health was evaluated weekly for up to 140 d. Where possible, LC50, LC90, LT50, and
LT90 values were calculated and the LC90 and LT90 values of chemical concentrations
compared between species. Considerable differences in susceptibility to both chlorpyrifos and
clothianidin were observed among species, with the LC90 of L. canus exposed to clothianidin
being significantly higher than the LC90 of A. obscurus or A. sputator. Similarly, while the LC50 of
A. sputator exposed to chlorpyrifos was similar to that of C. pruinina and A. obscurus assayed in
previous studies (0.05, 0.10, 0.10%, respectively), there was low (12.5%) mortality of L. canus at
the highest concentration tested (0.15% AI). There were considerable differences in the survival
of various wireworm species after exposure to clothianidin at 0.15%, with the LT90 of L. canus
(66.5 d) similar to those of C. pruinina and C. destructor (52.5, 59.5 d, respectively), but much
shorter than those for A. obscurus or A. sputator (122.5, 115.5 d, respectively). Considerable
differences in the induction of and recovery from morbidity induced by the chemicals were
observed among species. Most larvae of A. sputator and A. obscurus exposed to chlorpyrifos
were moribund before C. pruinina larvae (4, 7, 42 d after exposure, respectively).

Most

(proportion = 0.86) larvae of L. canus recovered from morbidity induced by chlorpyrifos, but a high
proportion (> 0.8) of moribund A. sputator, A. obscurus, and C. pruinina died. Larvae of C.
destructor and C. pruinina which were moribund after exposure to clothianidin at 0.15% died or
recovered sooner than larvae of L. canus and A. obscurus. Together these results suggest that
the efficacy of both clothianidin and chlorpyrifos for wireworm control in the field are affected by
the wireworm species present.
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4.2 Introduction

Wireworm problems are increasing across North America and Europe. In North America,
the most important pest species include the Pacific Coast wireworm, Limonius canus LeConte,
found from British Columbia (BC) to California (Horton and Landolt 2001), the dusky wireworm,
Agriotes obscurus L. in BC, Washington and the Atlantic provinces (Eidt 1953, Vernon et al. 2001,
LaGasa et al. 2006), the common click beetle, A. sputator L. in Atlantic Canada (Eidt 1953), and
the prairie grain wireworm, Ctenicera destructor (Brown) in the Canadian prairies (Burrage 1963).
A closely related species, the Great Basin wireworm, C. pruinina (Horn), is an increasing pest in
the US Pacific Northwest (Kuhar et al. 2003). The increase in wireworm problems, especially in
Canada, is due at least in part to the loss of effective organochlorine (OC) and organophosphate
(OP) insecticides, and the increased use of newer chemistries which are not as effective at
reducing wireworm populations (Chapter 2, 3). Recent work has demonstrated that neonicotinoid
(including thiamethoxam, clothianidin, acetamiprid, and imidacloprid), pyrethroid (e.g., tefluthrin)
and spinosyn (i.e., spinosad) insecticides can cause long-term morbidity from which wireworms
can eventually make a full recovery (Chapter 2, 3). In addition, tefluthrin, registered for wireworm
control on corn in Canada, has been shown to be repellent to A. obscurus and L. canus in
laboratory studies (Chapter 9).
The efficacy of new insecticides for wireworm control is usually inferred from improvements
in crop stand and marketable yield (Chapter 9) and not from assessment of their direct effects on
wireworms (exceptions are Hall and Cherry 1985, Chapter 3). This scarcity of toxicity data for
wireworms is understandable, as subterranean insect larvae are often difficult to study in situ, and
wireworms are difficult and costly to rear in the laboratory or collect from the field. Wireworm
toxicity studies are complicated further by their recently discovered ability to make a full recovery
after extensive periods of morbidity (Chapter 2, 5). Wireworms exposed to sublethal doses of
insecticide may appear dead and show no detectable movement to the unaided eye for up to 300
d (Chapter 3). Prematurely removing these “dead” wireworms from the study can easily lead to
overestimations of an insecticide’s effectiveness. Wireworms exposed to other insecticides (e.g.,
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fipronil) may not show symptoms of intoxication for several weeks before becoming moribund and
dying (Chapter 3). Failure to conduct long-term observations of these wireworms can easily lead
to underestimations of an insecticide’s effectiveness. Although time consuming and expensive,
laboratory bioassays in conjunction with field efficacy studies now appear to be requisite in
developing a complete understanding of how candidate wireworm insecticides will work in
practice.
Previous work has shown that the insecticide concentration required to kill 50% (LC50) and
90% (LC90) of A. obscurus are similar for clothianidin and chlorpyrifos, but the time required to kill
90% (LT90) of larvae when exposed at near-LC90 concentrations is much longer for clothianidin
(123 d) than for chlorpyrifos (25 d) (Chapter 3). Preliminary work has also suggested that there
may be differences in the toxicity of chlorpyrifos to A. obscurus and an additional species, C.
pruinina (W.G.v.H., unpublished data). Bousquet (1991) lists some 369 known wireworm species
in Canada, of which at least 30 are of economic importance (Glen et al. 1943; Wilkinson 1963).
These species differ considerably in size and cuticle hardness (Chapter 9). Thus the efficacy of
various candidate insecticides for wireworm control may differ depending on the species present
in the field. In this paper we present the LC50, LC90, and LT90 values of clothianidin and/or
chlorpyrifos topically applied to five wireworm species. The implications of differences in the
relative toxicities and in the ability of these wireworms to recover from a moribund state are
discussed.
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4.3 Materials and methods

4.3.1 Wireworm collection and preconditioning

Five collections of wireworm larvae were made from different regions of North America.
Late instar larvae of C. pruinina were collected in June 2004 from an organic vegetable field near
Boardman, Oregon (45° 41’ N, 119° 50’ W).

Larvae were identified according to Glen (1950).

Late instar C. destructor larvae were collected in July – August 2004 near Wainwright, Alberta
(52° 49’ N, 110° 52’ W), and identified according to Glen et al. (1943). Larvae of A. obscurus
were collected in March 2005 from a fallow field in Agassiz, BC, (49° 14’ N, 121° 46’ W) and
identified according to Becker (1956). These larvae were at least 15 mm long when used in
bioassays and thus three to four years old based on length criteria developed by Subklew (1934)
for A. obscurus. Larvae of L. canus were collected in July 2005 from an organic vegetable farm in
Kelowna, BC (49° 49’ N, 119° 26’ W), and identified according to Lanchester (1946). All L. canus
were at least 14 mm long and therefore three to four years old (Wilkinson 1963). Late instar A.
sputator larvae were collected in November 2005 near Kentville, Nova Scotia (45° 06’ N, 64° 29’
W), and identified according to Eidt (1953) and Becker (1956).
Larvae were stored, by species, at the Pacific Agri-Food Research Centre (PARC) in
®

Agassiz, BC, in Rubbermaid tubs (Newell Rubbermaid Inc, Atlanta, GA) filled with Agassiz soil at
15 – 20°C until used. Agassiz soil (sandy-clay loam) was taken from a field at PARC, screened
through 2 × 2 mm mesh to remove organic material, and dried to approximately 20% soil moisture
by weight. Potato slices (cv. Russet Burbank) placed cut-face down on the soil provided food, as
well as a means of selecting feeding wireworms for bioassays. Wireworms found feeding on
potato slices were removed from the tubs, weighed, and placed in 150 ml plastic sample cups
(Fisher Scientific Ltd, Ottawa, Ontario) filled with approximately 130 g Agassiz soil (for A.
obscurus, A. sputator, and L. canus) or 170 g of a 2:1 mixture of Agassiz soil and clean sand (for
C. destructor and C. pruinina). Five wireworms were placed in each cup no more than seven
days prior to insecticide applications (see below).
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3

A single piece (approximately 1 cm ) of peeled organic potato (cv. Russet Burbank), was
placed in each wireworm storage cup. Lids were placed on cups after wireworms were inserted.
®

Thereafter, wireworms were transported in Coleman coolers (Sunbeam Corporation (Canada)
Ltd., Brampton, ON) to the Southern Crop Protection and Food Research Centre (SCPFRC) in
London, ON.

®

HOBO H8 data loggers (Onset Computer Corporation, Pocasset, MA) placed

inside the coolers indicated that temperatures remained between 8.5 and 20ºC during transport.

4.3.2 Insecticide application

Insecticides were applied directly to wireworms using a Potter Spray Tower (Burkhard
Manufacturing Co Ltd, Rickmansworth, UK) at SCPFRC. Insecticides were dissolved in a 19:1
®

solution of acetone (histology grade, > 99% purity) and olive oil (Maestro 100% Extra Virgin)
(Chapter 3). Olive oil prevents the insecticides from coming out of solution and crystallizing on the
insect cuticle, as sometimes occurs when insecticides are dissolved at high concentrations in pure
acetone (W.G.v.H., personal observation).
Just prior to insecticide applications, wireworms were removed from the cups and placed in
an arena to check their health (see below). Healthy wireworms were placed in a 50 mm diameter
× 4 mm deep sterile plastic Petri dish (Gelman Sciences, Ann Arbor, MI) in the Tower, and are
hereafter referred to as a single “batch” (four to five wireworms). Wireworms that were writhing
were discarded. The shallow Petri dish used ensured that all wireworms in the batch received the
same amount of spray. The tower was calibrated before the experiment to deliver 5.0 ml of
insecticide solution in a uniform (11.9 cm diameter) application pattern (Chapter 3). Uniformity of
spray deposition was visualized by applying 5.0 ml of a 0.01% (in acetone) red dye solution onto
filter paper. Application of the red dye solution onto filter paper indicated that the spray did not
resolve into individual droplets, confirming that the olive oil did not interfere with the spray
application.
For L. canus, A. sputator, and A. obscurus, eight to ten batches were exposed to each of
five concentrations of clothianidin (0.005, 0.01, 0.05, 0.1, 0.15%) or chlorpyrifos (0.05, 0.075, 0.1,
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0.125, 0.15%), or to the solvent alone. When one of these species was selected for study,
different batches were exposed to the same concentrations of clothianidin or chlorpyrifos (plus
solvent controls) on the same day. Due to the limited number of C. pruinina wireworms available,
eight batches were exposed to clothianidin at 0.15% and eight batches to the control solution.
Similarly, six batches of C. destructor were exposed to each of clothianidin at 0.15% and the
control solution.
In a previous study, conducted in 2004, larvae of C. pruinina were exposed to chlorpyrifos
(Chapter 3).

Larvae of C. pruinina assayed in 2004 were collected at the same time, and

preconditioned, selected and treated like C. pruinina assayed in 2006 (Chapter 3). Except for C.
pruinina exposed to chlorpyrifos, all insecticide applications were conducted in January 2006.

4.3.3 Post-application observations

Treated wireworms were allowed to air-dry for approximately 1 min, after which they were
placed on the soil surface in their cups. Several minutes later, when the wireworms had burrowed
into the soil, a fresh potato piece was placed in each cup, lids replaced, and the cups placed in a
dark environmental chamber at 15 ± 0.2°C.

This temperature was selected to simulate the

temperature of soil in spring, when pesticides would normally be applied in BC. Wireworms were
inspected 1, 4, and 7 d after treatment (DAT) and every week thereafter for up to 140 d. After the
first health check, done at SCPFRC, wireworms (except C. pruinina exposed to chlorpyrifos in
2004) were transported (as above) back to PARC where they were stored in growth chambers at
15 ± 0.2°C. All subsequent health checks were conducted at PARC; health checks of C. pruinina
exposed to chlorpyrifos in 2004 were conducted at SCPFRC (Chapter 3).
For each health check, wireworms were carefully removed from their cups with soft-touch
forceps, and placed in the center of a 15 cm Petri dish lined with moistened filter paper (Whatman
No. 1, Whatman International Ltd., Maidstone, UK). Wireworm health was assessed according to
Chapter 2. Wireworms that could move out of a 10 cm circle drawn on the center of the filter
paper within 2 min were designated as “Alive”.
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Wireworms that were incapable of directed

movement but capable of clearly visible movements were designated “Writhing”. All wireworms
that made no visible movements when gently prodded with forceps were inspected under a
dissecting microscope and designated as “Leg and Mouthparts” if they were able to move their
legs and mouthparts or “Mouthparts” if that was all they could move. Wireworms that were
incapable of movement were considered to be dead, but were not removed from the study until
they showed signs of decomposition. Wireworms exposed to insecticides were not removed from
the study until at least 2 wk after they had either made a full recovery or died from insecticideinduced morbidity. Control wireworms were checked until the last insecticide-exposed wireworms
of the species were removed from the study. Potato cubes were replaced each time wireworms
were checked.

4.3.4 Statistical methods

4.3.4.1 LC50 and LC90 analyses

The estimated concentrations required to kill 50% (LC50) and 90% (LC90) of larvae were
computed, along with 95% confidence intervals, from the probit model (Southwood 1978, SAS
Institute 2002). Due to the small number of wireworms per batch, the goodness of fit (GOF) of the
probit model could not be computed from the standard chi-square distribution. P values (with
standard error (SE) estimates) were therefore computed using a parametric bootstrap procedure
as described in Chapter 3. To accommodate data overdispersion, the variance of the binomial
distribution was multiplied by a scale parameter (i.e., the deviance statistic computed for a
concentration of a chemical divided by its degrees of freedom). Control wireworm mortality was
incorporated in LC analyses.
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4.3.4.2 LT50 and LT90 analyses

Survivorship was modeled separately for each chemical with non-parametric Kaplan-Meier
survival curves (Cox and Oakes 1984) using Proc LIFETEST (SAS 9.1, SAS Institute 2002). The
time required for 50% (LT50) and 90% (LT90) of larvae susceptible to die at a certain
concentration was estimated using these models. Standard errors were computed using a nonparametric bootstrap procedure as described in Chapter 3. The standard error of the LT values
was then approximated by the standard deviation of the bootstrap LT values. Parametric models
with survival times following a Weibull distribution were tested, but provided a poor fit.

4.3.4.3 Comparisons

Pair-wise comparisons were made between various LC50s and LC90s by comparing the
difference between two values to 0 with a Z-test. Tests were considered significant if P ≤ 0.05.
Comparisons between Kaplan-Meier curves were made using the log-rank test. Comparisons
between individual LT90 values were made with Wald tests.

4.4 Results and discussion

4.4.1 General observations

The wireworm species used in this study varied significantly in size, ranging from 13.7 mg
(A. sputator) to 81.5 mg (C. pruinina) (Table 4.1). While some larvae were stored longer than
others, the similar response of the same population of A. obscurus exposed to clothianidin in 2004
and 2006 (see below) suggested that storage did not affect wireworm susceptibility to insecticides.
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4.4.2 Chlorpyrifos

The LC50 and LC90 of chlorpyrifos applied to A. sputator (Table 4.2) were similar to those
previously calculated for A. obscurus (0.10, 0.14%, respectively; Chapter 3). Similarly, the LC50
of chlorpyrifos applied to A. sputator was close to that calculated for C. pruinina (Table 4.2).
However, there was low (12.5%) mortality of L. canus at the highest concentration tested (0.15%).
Considering that L. canus is similar in size to A. obscurus, and much smaller than C. pruinina
(Table 4.1), the lower susceptibility of L. canus to chlorpyrifos suggests that there may be
differences in the efficacy of this chemical against different species when used in the field.
Considerable differences among species in the induction of and recovery from chlorpyrifosinduced morbidity were observed.

All larvae of A. sputator and A. obscurus that died after

exposure to chlorpyrifos at 0.10% were moribund (Writhing, Leg and Mouthparts, or Mouthparts)
seven DAT, but most C. pruinina that died showed no signs of morbidity until 42 DAT (Chapter 2).
As wireworms can continue to feed on certain insecticides until they become moribund (Chapter
3), larvae that do not immediately become moribund during feeding may continue to damage
crops.

This suggests that for optimal wireworm damage and population management,

insecticides may need to be applied at concentrations that will induce morbidity quickly. A high
proportion (> 0.8) of moribund A. sputator, A. obscurus, and C. pruinina ultimately died (Chapter
2; data not shown for A. sputator), but most (12 / 14) moribund L. canus recovered, suggesting
that morbidity alone is not always a reliable indicator of an insecticide’s effectiveness.

4.4.3 Clothianidin

While the LC50 of clothianidin applied to A. obscurus in 2006 was slightly lower than in
2004 (0.02, 0.07%, respectively; Table 4.2, Chapter 3), the LC90 values were nearly identical
(0.13, 0.15%, respectively; Table 4.2, Chapter 3), confirming previous results and justifying
comparisons between the 2004 and 2006 studies. Similarly, the LC50 and LC90 values for A.
obscurus (2006) were nearly identical to those for A. sputator (Table 4.2). In contrast, the LC90
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for L. canus was significantly higher than those for either A. obscurus or A. sputator (P = 0.006, P
= 0.019, respectively), indicating that the efficacy of this chemical in the field may also vary with
species composition.
The LT90 of A. obscurus exposed to clothianidin at 0.15% in 2006 (Table 4.3) was similar
to the LT90 of A. obscurus exposed to 0.1% and 0.25% in 2004 (143.5, 122.5 d, respectively;
Chapter 3). The LT90s of A. obscurus (2006) and A. sputator exposed to clothianidin at 0.15%
were similar (Tables 4.3 and 4.4). While L. canus exposed to clothianidin at 0.15% died more
quickly (66 d) than the two Agriotes sp., there was no significant difference in LT90s between the
species (Table 4.4). The difference in survival curves between A. sputator and L. canus (Table
4.4) reflects the faster initial rate of dying of A. sputator (Fig. 4.1). The LT90s at 0.15% were
significantly longer for both Agriotes species than for both Ctenicera species (Table 4.3, 4.4).
These results suggest that there are considerable differences between wireworm genera in the
time required to kill them after exposure to clothianidin, which may affect the effectiveness of the
chemical when used for wireworm control.
While nearly all wireworm species were either moribund (writhing or appendage movement)
1 d after exposure to clothianidin at 0.15% 1 DAT (Fig. 4.1), differences in recovery from morbidity
were observed. Initial recovery from the writhing or appendage movement stages took longer for
larvae of A. obscurus and L. canus (56, 28 DAT, respectively) than for C. pruinina and C.
destructor (4 DAT) (Fig. 4.1), suggesting that clothianidin applied at sublethal rates may be less
effective in providing crop stand protection in fields infested with C. pruinina and C. destructor.

4.4.4 Evaluation

These laboratory assays demonstrate that the wireworm species tested differ in the onset
and recovery of morbidity and the occurrence of mortality following exposure to certain
insecticides (chlorpyrifos and clothianidin). Since several wireworm species are known to attack
many agricultural crops worldwide, field efficacy trials should be carried out on as many economic
species as possible to establish application rates that will provide crop damage and/or wireworm
population control for all species.
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4.7 Tables and figures

Table 4.1 Mean (SEM) weight of wireworms used in toxicity studies. Weight of C. pruinina
includes wireworms exposed in 2004 study.
species

n

weight (mg)

C. pruinina

209

81.5 (2.31)

C. destructor

60

52.1 (2.72)

L. canus

440

21.4 (0.41)

A. obscurus

240

32.4 (0.59)

A. sputator

440

13.7 (0.25)

Table 4.2 Toxicity of clothianidin and chlorpyrifos topically applied to various wireworm species
in 2004 (C. pruinina) and 2006 (L. canus, A. obscurus and A. sputator).

CL denotes 95%

confidence limits.

Insecticide

species

n

Slope
(SE)

LC50 (CL)

LC90 (CL)

c (df)

P (SE)

clothianidin

L. canus

240

7.27
(1.77)

0.12
(0.08 – 0.16)

0.30
(0.18 – 0.41)

80.71
(54)

0.056
(0.007)

clothianidin

A. obscurus

240

12.25
(2.43)

0.02
(0.001 – 0.04)

0.13
(0.09 – 0.16)

85.54
(51)

0.009
(0.003)

clothianidin

A. sputator

240

9.92
(1.37)

0.02
(0.01 – 0.04)

0.15
(0.12 – 0.19)

29.04
(47)

0.998
(0.001)

chlorpyrifos

C. pruinina

130

6.58
(1.39)

0.10
(0.07 – 0.13)

0.30
(0.22 – 0.37)

13.81
(23)

0.907
(0.009)

chlorpyrifos

A. sputator

240

11.20
(1.65)

0.05
(0.04 – 0.07)

0.17
(0.14 – 0.20)

39.64
(48)

0.965
(0.006)
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Table 4.3 Time (days) required for 90% mortality (LT90) for various wireworm species dermally
exposed to clothianidin at 0.15%, as calculated from Kaplan-Meier survival curves. CL denotes
95% confidence limits.

wireworm species

LT90 (CL)

C. destructor

59.5 (31.5 – 80.5)

C. pruinina

52.5 (45.0 – 66.5)

L. canus

66.5 (52.5 – 122.5)

A. sputator

115.5 (87.5 – 136.5)

A. obscurus

122.5 (66.5 – 136.5)
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Table 4.4 Comparison of LT90 values and Kaplan-Meier survival curves calculated for various
wireworm species exposed dermally to clothianidin at 0.15%. LT90 values were compared with
Wald test; statistics shown are Z and P values (respectively). Survival curves were compared
2

with log-rank tests; statistics shown are c and P values (respectively).

C. pruinina

L. canus

A. sputator

A. obscurus

LT90 values

C. destructor

0.52, 0.60

0.23, 0.82

3.34, 0.0008

2.48, 0.013

C. pruinina

-

0.49, 0.62

4.80, < 0.0001

3.02, 0.003

L. canus

-

-

1.63, 0.10

1.57, 0.12

A. sputator

-

-

-

0.28, 0.78

Kaplan – Meier survival curves

C. destructor

0.70, 0.40

0.94, 0.33

12.11, 0.0005

4.70, 0.03

C. pruinina

-

2.39, 0.12

23.13, < 0.0001

10.28, 0.0013

L. canus

-

-

6.70, 0.009

2.36, 0.12

A. sputator

-

-

-

1.29, 0.26
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Figure 4.1 Transitional stages of toxicity in A. sputator, A. obscurus, L. canus, C. pruinina, and
C. destructor exposed dermally to clothianidin in a Potter Spray Tower in 2006, and in A. obscurus
exposed to clothianidin in 2004. The percentage of wireworms Alive, Writhing, with Leg and/or
Mouthpart Movement (Appendage Movement), or Dead are shown on various dates of
observation. Data for C. pruinina exposed to clothianidin 0.15% appears in Chapter 2.
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CHAPTER 5: Morbidity and recovery of Limonius canus following
contact with tefluthrin-treated wheat seeds

This chapter was published as:

van Herk, W. G., and R. S. Vernon. 2007. Morbidity and recovery of the Pacific Coast wireworm,
Limonius

canus,

following

contact

with

tefluthrin-treated

Experimentalis et Applicata 125: 111-117.

Figures 5.1 and 5.2 do not appear in the original paper.
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wheat

seeds.

Entomologia

5.1 Abstract

Late instars of the Pacific Coast wireworm, Limonius canus (LeConte) (Coleoptera:
Elateridae), were exposed to wheat seeds treated with tefluthrin at 5, 10, 15, 20, or 30 g AI/100 kg
wheat seed, for 1, 2, 4, 8, or 16 min. All wireworms were moribund within 20 min of first exposure
and recovered fully within 12 h.

The time required for recovery (tr) after a single exposure

increased with duration of exposure (e) and concentration (c), but decreased with wireworm
weight (w), expressed as (tr)

0.5

2

= 5.2812 + 0.9407e – 0.0259e + 0.1569c + 0.0254ec – 0.0174w –

0.0057ew. For wireworms exposed to treated seeds for 2 min, the time required for induction of
morbidity decreased as concentration of tefluthrin increased and as wireworm weight decreased,
expressed as (ti)

0.5

= 2.613 - 0.039c + 0.018w, where ti is the induction time of morbidity, and c

and w are as above.

Wireworms re-exposed to tefluthrin-treated seeds after recovery from

previous exposure, were again moribund within 20 min of exposure, but recovery was significantly
more rapid if the second exposure was 2, 4, 6, 8, 12, 18, 24, and 48 h after recovery from first
exposure.

Recovery from a second exposure was not significantly faster when the second

exposure was 96 h after recovery from the first exposure. The ability of wireworms to recover
from tefluthrin-induced morbidity may seriously limit the efficacy of this insecticide in actually
reducing wireworm populations in the field.
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5.2 Introduction

Wireworms (Coleoptera: Elateridae) are economically important pests of wheat, vegetable,
and soft fruits in both North America and Europe (Parker and Howard 2001; Vernon 2005). In
Canada, the attrition of insecticides used for wireworm control in recent years has contributed to
an increase in wireworm problems (Vernon et al. 2001; van Herk and Vernon 2006), including
crop damage caused by the dusky wireworm, Agriotes obscurus L., the lined click beetle, Agriotes
lineatus L., and the Pacific Coast wireworm, Limonius canus LeConte (Vernon and Pats 1997;
W.G.v.H., personal observation). Previous work has indicated that these wireworm species, as
well as the potato wireworm, Agriotes sputator L., the prairie grain wireworm, Ctenicera destructor
(Brown), and the Great Basin wireworm, Ctenicera pruinina (Horn), are able to make a full
recovery from morbidity induced by contact application of certain insecticides (Chapter 2, 3).
Larvae of A. obscurus exposed to chloronicotinoid (i.e., imidacloprid and acetamiprid),
thianicotinoid (i.e., thiamethoxam and clothianidin), spinosyn (i.e., spinosad), organochlorine (i.e.,
lindane), organophosphate (i.e., diazinon and chlorpyrifos), synthetic pyrethroid (i.e., tefluthrin),
and phenyl pyrazole (i.e., fipronil) insecticides were knocked down for up to 10 mo before making
a full recovery (Chapter 2, 3). In addition, recent work has shown that some insecticides are
repellent to A. obscurus (i.e., tefluthrin) and L. canus (i.e., tefluthrin and lindane) when applied to
germinating wheat seeds placed in a soil-filled bioassay (Chapter 9). Other wireworm species are
known to be repelled by arsenic (Lehman 1933), terbufos (Belcher and Tenne 1987), chlordane,
chlorpyrifos, and fonofos (Missionnier and Brunel 1979; Horne and Horne 1991) and lindane
(Long and Lilly 1958). These behaviours underscore the importance of assessing the short and
long-term effects of insecticides on the health and behaviour of wireworms before they are used in
wireworm control programmes. While the use of insecticides that repel and/or cause temporary
intoxication may provide temporary crop stand protection, they may be ineffective in reducing
wireworm populations or reducing damage to longer growing crops such as potatoes (R.S.V.,
unpublished data).
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Wireworms are known to orient to germinating wheat seeds by following carbon dioxide
gradients in the soil (Doane et al. 1975; Horton and Landolt 2002). When wheat seeds are
treated with an insecticide classified as repellent (e.g., tefluthrin), orientation still occurs, but with
repellent behaviour occurring after brief (< 10 min) contact (Chapter 9). Wireworms removed
from a soil-filled bioassay immediately after being repelled by wheat seeds treated with tefluthrin
often showed signs of morbidity characterized as “writhing” (Chapter 2) which usually disappeared
within 1 d (Chapter 9). It was not clear from previous work if these symptoms of morbidity were
caused by contact with and/or ingestion of the tefluthrin on the seed. In preliminary studies where
larvae of L. canus in Petri dishes made random contact with ungerminated wheat seeds treated
with tefluthrin, wireworms became immobile within minutes but recovered quickly. The time
required for recovery in these studies depended upon both the duration of contact and the
concentration of tefluthrin on the seeds (W.G.v.H., unpublished data). Wireworms that were
prevented from directly contacting the seeds were not affected. Here we present results of two
studies, the first describing the effect of contact duration, the concentration of tefluthrin, and
wireworm weight on the health and recovery of L. canus; the second describing the effect of
repeated exposure to tefluthrin-treated seeds on the health and recovery of L. canus.

5.3 Materials and methods

5.3.1 Wireworms

Wireworms used in the two studies were collected from an organic farm in Kelowna, BC,
®

Canada in June 2006 and stored in 40 liter Rubbermaid tubs filled with sandy clay-loam soil at
4°C until needed. To reduce variability, only late-instar, feeding wireworms were used in the
experiments. To isolate feeding wireworms, the soil temperature was brought up to approximately
20°C and potato pieces were inserted into the soil. Wireworms found actively feeding on the
potato pieces were removed gently and used in the bioassays within 3 d. All observations were
conducted at room temperature (21 ± 1ºC) between August and October 2006.
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5.3.2 Effect of duration of contact and concentration

To determine the effect of contact duration and concentration of tefluthrin on wireworm
health, individual wireworms were placed in clear 1.5 ml Eppendorf microcentrifuge tubes (Fisher
Scientific, Ottawa, ON) together with a single, ungerminated wheat seed (Fig. 5.1). Wheat seeds
(cv. Superb) were treated [Syngenta Crop Protection (Canada) Inc., Guelph, Ontario] with the
fungicide Dividend XLRTA (containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g
AI/100 kg seed and Tefluthrin 20CS (tefluthrin) at 5, 10, 15, 20, or 30 g AI/100 kg seed.
Wireworms were exposed to seed in the Eppendorf tubes for 1, 2, 4, 8, or 16 min. This bioassay
ensured continuous, direct contact between the wireworm and the wheat seed, and feeding was
never observed. After exposure, wireworms were removed from the Eppendorf tubes and placed
in individual 35 mm Petri dishes lined with Whatman No. 1 filter paper (Fisher Scientific, Ottawa,
ON) moistened with 150 µl water (Fig. 5.2A).

During this time wireworms were observed

continuously and their behaviour recorded every 2 min for 20 min to determine the time required
for symptoms of morbidity to appear (Fig. 5.2B). The time required for wireworms to become
moribund (see below) is hereafter referred to as “induction time”.

After this initial 20 min

observation period, wireworms were individually weighed on a Sartorius CP64 analytic balance
(Sartorius AG, Goettingen, Germany) and placed in separate, identical film canisters (Fuji Photo
Film Canada Inc., Mississauga, ON) filled with approximately 25 g finely screened soil made up to
20% moisture by weight. Control wireworms were exposed for 16 min in Eppendorf tubes without
seeds or with seeds treated only with Dividend XLRTA, and thereafter observed in Petri dishes as
above. A minimum of 19 wireworms were exposed to each treatment, and all wireworms were
assayed only once.
Once wireworms were placed in the film canisters, their behaviour (hereafter ‘health’) was
again assessed and recorded every 10 min until 30 min after there were no further symptoms of
morbidity. Wireworm health was again assessed the following day and 1 wk after the initial
exposure to determine if symptoms of morbidity recurred.

For each health assessment,

wireworms were gently removed from the canister and placed in an observation arena (a 10 cm
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Pyrex Petri dish lined with moist filter paper) (cf., Chapter 2). Each inspection took approximately
2 min, after which the wireworm was returned to the film canister. Canisters were closed between
health observations to prevent wireworm desiccation. Wireworms were considered “alive” if they
were able to move a distance of at least five body lengths in a straight line without falling over or
twisting their bodies. Wireworms were considered “affected” if they could move in a more-or-less
straight line, but occasionally fell over or twisted their bodies from side to side while walking.
Wireworms were considered “moribund” if they could only make short-distance movements (one
or two body lengths), rolled onto their backs, or twisted into a characteristic ‘C’ or corkscrew
shape (Fig. 5.2B). This latter category encompasses both the “writhing” and “leg and mouthpart”
categories described in Chapter 2.

5.3.3 Repeat exposure

To determine the effect of an initial exposure to tefluthrin on subsequent exposure(s),
wireworms that had recovered from morbidity induced by a 2 min exposure to wheat seeds
treated with tefluthrin at 10 g AI/100 kg (as above) were re-exposed to the same treatment 2, 4, 6,
8, 12, 18, 24, 48, or 96 h after allowing 90 min for recovery from the first exposure. A minimum of
25 wireworms were exposed to each treatment. Wireworms exposed 2 h after recovery from the
first exposure were exposed a third time 2 h after their second recovery. As a control experiment,
20 wireworms were first exposed for 2 min to Dividend XLRTA treated seeds, and 4 h thereafter
to tefluthrin-treated seeds.

5.3.4 Statistical analyses

For the first study, the time required for wireworms to recover after exposure was squareroot transformed to stabilize the variance (Southwood 1966). Differences between treatments
were analyzed with ANCOVA (Proc GLM, SAS 9.1; SAS Institute 2002), with wireworm weight as
covariate.

As both concentration and exposure duration are quantitative variables, mean
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separation could not be conducted (Baker 1980). Wireworm recovery times were subsequently
regressed (stepwise, backward) against the duration of exposure, the concentration of tefluthrin,
and wireworm weight (Proc REG, SAS 9.1) to develop a model. Main effects that were not
significant were retained in the model if significant in an interaction term.
For wireworms exposed 2 min the effect of the concentration of tefluthrin on the induction of
morbidity was analyzed with ANCOVA (Proc GLM, SAS 9.1), after square-root transformation of
recovery times to stabilize the variance, with wireworm weight as covariate. Wireworm health
could not be assessed while they were in the Eppendorf tubes, hence wireworms exposed for
more than 2 min could not be included in this analysis. Morbidity induction time was subsequently
regressed (Proc REG, SAS 9.1) against concentration of tefluthrin and wireworm weight.
For the second study, recovery time after the second exposure was compared to recovery
time after the first exposure with a paired sample t-test (Proc TTEST, SAS 9.1) for each interval.
Mean recovery times from first and second exposures were compared (separately) with ANCOVA
(Proc GLM, SAS 9.1) with wireworm weight as covariate, and selected means were compared
with orthogonal contrasts. As there was no significant difference between the second recovery
periods if the second exposure was conducted 2, 4, 6, 8, 12, 18, or 24 h after recovery from the
first exposure, the second recovery duration for these treatments was regressed (Proc REG, SAS
9.1) to the first recovery duration, wireworm weight, and the amount of time the wireworm was
“Alive” before it was re-exposed.

Finally, to explore the relationship of wireworm weight to

recovery duration, the (first) recovery of all wireworms exposed to tefluthrin at 10 g AI for 2 min
(58 wireworms from first study, 288 from the second study) was regressed against wireworm
weight (Proc REG, SAS 9.1).
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5.4 Results and discussion

5.4.1 General observations

All wireworms used in these studies (n = 722) became moribund within 20 min of contacting
the wheat seeds, but made full recoveries within 12 h. Recovered wireworms did not show
recurring symptoms of morbidity 1 or 7 d after initial exposure, or thereafter for up to 35 d. Nearly
all (proportion > 0.8) recovered wireworms went on to moult or pupate. Wireworms (n = 20)
exposed to untreated seeds or seeds treated with Dividend for 16 min did not show any symptoms
of morbidity when removed from the Eppendorf tubes or during the 20 min observation period
thereafter. Previous observations indicated that observing moribund wireworms less frequently
(i.e., every 20 min) did not decrease recovery time (data not shown). Together these results
suggest that placement in Eppendorf tubes and handling during repeated health observations did
not by themselves affect wireworm recovery adversely.
Mean wireworm weight ranged from 20.6 to 26.7 mg among treatments in the first study
and 19.2 and 25.0 mg in the second study. In both studies, wireworm weight had a slight but
significant (P < 0.05) effect on recovery time in regression analyses, with recovery time
decreasing as wireworm weight increased (see below). Similarly, regression of the (first) recovery
time (t) of all wireworms exposed to tefluthrin at 10 g AI for 2 min to wireworm weight (w) indicated
that this effect, though statistically significant, was very weak (t = 92.9 min – 0.424w) (SE = 3.60
2

and 0.149, respectively; P < 0.0001 and P = 0.0048, respectively; df = 1,344, adjusted R = 0.02).

5.4.2 Effect of concentration and duration of contact on recovery

The time required for wireworms to recover from exposure differed considerably among
treatments (F = 175.70, df = 15,418, P < 0.0001), increasing with both the concentration of
tefluthrin and the duration of contact with the seeds (Table 5.1). Regression analysis indicated
that the recovery time (tr) was significantly affected by the duration of exposure (e), the
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concentration of tefluthrin (c) and wireworm weight (w), so that: (tr)

0.5

= 5.2812 + 0.9407e –

2

0.0259e + 0.1569c + 0.0254ec – 0.0174w – 0.0057ew (SE slopes: 0.6416, 0.1236, 0.0048,
2

0.0206, 0.0035, 0.0184, and 0.0027, respectively; intercept, e, c, e , and ec significant at P <
0.0001, ew significant at P = 0.04, and w not significant but retained for completeness; df = 6,427,
2

adjusted R = 0.81). This suggests that longer exposure or higher concentrations of tefluthrin on
the wheat seed causes more absorption of the chemical across the wireworm cuticle. If so, this
could also explain why there were significant differences in the time required for morbidity to occur
among wireworms exposed for 2 min to different concentrations (F = 44.58, df = 5,191, P <
0.0001) (Figure 5.3).

Wireworms exposed to the highest concentration (30 g AI) became

moribund most quickly, and those exposed to the lowest concentration (5 g AI) became moribund
most slowly (Figure 5.3). Regression analysis indicated that induction time (ti) increased with
wireworm weight (w) but decreased with the concentration (c) of tefluthrin on wheat seed, so that:
(ti)

0.5

= 2.613 - 0.039c + 0.018w (SE slopes: 0.169, 0.005, and 0.005, respectively; P < 0.0001, P <
2

0.0001, and P = 0.001, respectively; df = 2,194, adjusted R = 0.30).

5.4.3 Effect of previous exposure on recovery from second exposure

There was no significant difference between mean wireworm recovery times after the first
exposure to tefluthrin-treated seeds among the various treatments in the second study (F = 0.65,
df = 8,279, P = 0.74; Table 5.2). Likewise, the mean wireworm recovery time after the first
exposure in the second study was similar to the recovery time for wireworms exposed to the same
treatment as in the first study (tefluthrin at 10 g AI/100 kg seed for 2 min; Table 5.1). This
indicates that the bioassays remained consistent between treatments and studies. However,
there was a significant difference between the mean second recovery durations among
treatments (F = 4.18, df = 8,279, P < 0.0001). Comparison of means indicated no significant
difference (P > 0.05) between mean second recovery times among wireworms exposed 2, 4, 6, 8,
12, 18, or 24 h after recovery from the first exposure (Table 5.2). Comparison between the first
and second recovery periods for each treatment with paired sample t-test indicated a highly
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significant decrease in the second recovery period (Table 5.2) when wireworms were exposed 2,
4, 6, 8, 12, 18, or 24 h after recovery from the first exposure. Together these results indicate that
the initial exposure of wireworms to tefluthrin-treated seeds causes a temporary but consistent
change in wireworm health, with wireworms recovering from morbidity more quickly upon a
second exposure (2 – 24 h after initial recovery). When wireworms were re-exposed to tefluthrintreated seeds 48 h after they were first exposed, the difference between the two recovery periods,
while significant, was significantly less than if the second exposure was earlier (2 – 24 h after
initial recovery) (F = 16.54, df = 1,278, P < 0.0001). When wireworms were exposed 96 h after
they first recovered there was no significant difference between the two recovery periods (Table
5.2). This short term reduction in recovery time after an initial exposure to tefluthrin suggests that
the first exposure may have induced a temporary up-regulation of detoxification enzymes as
documented in other insects (Johnson et al. 2006). Tefluthrin is probably degraded at the target
site (i.e., voltage-dependent sodium channels) by both multifunction oxidases and carboxylesterases (Huang 2002), thus enabling recovery (Alzogaray and Zerba 1997). Pre-treatment with
S,S,S,-tributylphosphorotrithioate or piperonyl butoxide may confirm the role of these detoxification enzymes in L. canus if it prevents them from recovery (Jao and Casida 1974; Casabé et
al. 1988; Alzogaray and Zerba 1997).
Wireworms re-exposed to tefluthrin-treated seeds a third time (2 h after their second
recovery period) recovered more quickly (mean recovery time = 51.5 min, SEM = 2.87) than after
the second exposure, but this was not statistically significantly (t = 1.72, P = 0.09).
As there was no significant difference among second recovery durations when wireworms
were exposed 2, 4, 6, 8, 12, 18, or 24 h after recovery from the first exposure, the second
recovery duration was regressed against the first recovery duration, the actual amount of time the
wireworm was “alive” before it was re-exposed, and wireworm weight. This analysis indicated that
there was a strong correlation between the second recovery duration (tr2) and the first recovery
duration (tr1) and wireworm weight (w), but not with the duration of the interval between recovery
and re-exposure (P = 0.82). Repeating the regression analysis without the interval between the
two exposures allows the second recovery duration to be expressed as: tr2 = 29.9 + 0.46tr1 –
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0.42w (SE slopes = 5.13, 0.05, and 0.12, respectively; P < 0.0001, P < 0.0001, and P = 0.0008,
2

respectively; n = 238, df = 2,235, adjusted R = 0.35). This suggests that while wireworms
recover more quickly if they have been previously exposed to tefluthrin, recovery from exposure
varied considerably (but consistently) from one individual to another (i.e., wireworms that
recovered quickly after the first exposure tended to recover more quickly after the second
exposure, and vice versa).
Twenty wireworms exposed for 2 min to wheat seeds treated with Dividend alone did not
become ill. When these were exposed to seeds treated with tefluthrin at 10 g AI/100 kg seed for 2
min 4 h after initial exposure to the control seeds, they quickly became moribund and their
recovery duration (mean = 86.5, SEM = 3.27 min) was similar to those first exposed to tefluthrin
(Table 5.1, 5.2). This indicates that the Dividend and handling involved during the first exposure
was not responsible for the more rapid recovery period when wireworms were re-exposed to
tefluthrin after recovery from the first exposure.

5.4.4 Evaluation

Recovery from temporary morbidity is an important component of pyrethrin and pyrethroid
action (Alzogaray and Zerba 1997), and has been reported in Diptera (Sawicki 1962; Adams and
Miller 1980), Blattaria (Gammon et al. 1981; Benoit et al. 1985), Homoptera (Alzogaray and Zerba
1997), Lepidoptera (Toth and Sparks 1990), Coleoptera (Arthur 1999), as well as in annelids
(Roshon 1998). Pyrethroid ‘knockdown’ is usually rapid in onset, may be long lasting, but does
not necessarily lead to mortality (Naumann 1990), illustrating the importance of differentiating
between knockdown and mortality (Jagers op Akkerhuis et al. 1999). The results presented here
provide further evidence that initial morbidity of wireworms is a poor indicator of the overall
efficacy of an insecticide, since wireworms are often capable of making a full recovery (Chapter
2).
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The rapid induction of morbidity upon contact with tefluthrin in these studies may explain
why wireworms are observed to move away from treated seeds in soil after brief contact (Chapter
9; W.G.v.H., unpublished data), and suggests that wireworms may not be ingesting tefluthrin prior
to being repelled. This repellency of L. canus to tefluthrin-treated wheat seeds in soil, together
with the reduced effect of tefluthrin upon subsequent contact(s) with tefluthrin described here,
suggest that the insecticide may have limited efficacy for reducing wireworm populations in the
field. Finally, while insect resistance to pyrethroid insecticides has been attributed to enhanced
metabolism, reduced cuticle penetration, and reduced target site sensitivity in insects (Picollo et
al. 2000; Plapp 1976; Oppenoorth 1985), the repellency of wireworms to tefluthrin-treated seeds
after a brief intoxication may constitute a behavioural mechanism for insecticide tolerance
common in subterranean insect larvae that has hitherto received little attention. The models
presented here may enable us to further explore such mechanisms by allowing us to induce and
control the duration of the temporary malaise requisite for aversion learning (Papaj and Prokopy
1989; Dethier 1980, 1988).
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5.7 Tables and figures

Table 5.1 Time (in minutes) required by wireworms to recover from exposure to various
concentrations of tefluthrin for various durations; n = number of individuals tested. Concentration
of tefluthrin on wheat seed measured in g AI /100 kg seed.

Concentration

Duration of

of tefluthrin

exposure (min)

5

2

20

34.5 (1.85)

5

8

20

81.5 (5.63)

10

1

19

76.8 (4.72)

10

2

58

86.0 (3.76)

10

4

39

129.5 (5.56)

10

8

20

195.5 (15.70)

10

16

20

354.5 (24.10)

15

2

40

81.3 (3.19)

15

8

20

211.0 (10.51)

20

1

20

83.5 (4.12)

20

2

40

93.5 (2.99)

20

4

19

186.8 (13.36)

20

8

20

338.0 (18.22)

20

16

20

446.5 (17.29)

30

2

39

160.0 (7.67)

30

8

20

460.0 (25.76)

n
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Mean (SEM) time required
for recovery (min)

Table 5.2 Time (in min) required by wireworms to recover from morbidity induced by two
separate exposures to wheat seeds treated with tefluthrin (10 g AI/100 kg seed) for 2 min; n =
number of individuals tested.

Interval between
first recovery
and second

n

induction (h)

1

Time required

Time required for

Comparison between

for recovery

recovery after

first and second recovery

after first

second

durations:

exposure:

exposure:

difference, t statistic, P

mean (SEM)

mean (SEM)

value

2

1

50

87.8 (4.46)

60.0 (2.89)

27.8, t = 8.49,
P < 0.0001

4

50

82.2 (3.13)

56.8 (3.31)

25.4, t = 7.73,
P < 0.0001

6

28

81.1 (4.28)

62.9 (3.67)

18.2, t = 4.86,
P < 0.0001

8

25

83.6 (4.76)

58.4 (4.35)

25.2, t = 5.04,
P < 0.0001

12

35

80.3 (4.37)

63.1 (4.30)

17.2, t = 6.73,
P < 0.0001

18

25

78.8 (4.26)

52.4 (3.48)

26.4, t = 7.15,
P < 0.0001

24

25

81.6 (3.59)

55.2 (2.46)

26.4, t = 6.41,
P < 0.0001

48

25

86.8 (3.50)

74.4 (4.09)

12.4, t = 3.30,
P = 0.003

96

25

78.4 (3.54)

76.4 (3.74)

2.0, t = 0.55,
P = 0.59

These wireworms were subsequently re-exposed to tefluthrin-treated seeds 2 h after their

second recovery.
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Figure 5.1 Eppendorf bioassay for inducing temporary morbidity in wireworms by contact alone.
Wireworms were placed in individual tubes with a single, ungerminated wheat seed treated with
Tefluthrin 20SC, for 1 to 16 min.

120

Figure 5.2 Following contact with tefluthrin treated seeds in Eppendorf tubes, wireworms were
placed in individual Petri dishes (A) and observed for up to 20 min to determine if (and when)
wireworms became moribund. (B) Characteristic appearance of “Writhing” wireworms.
A.

B.
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Figure 5.3 Time (in min) required for wireworms to show first symptoms of morbidity after 2 min
exposure to wheat seeds treated with various concentrations of tefluthrin. Number of wireworms
exposed per concentration is given above each bar. Error bars indicate SE estimates.

Mean (+/- SE) time required for induction (min)
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40

8

58

40

6

39

4
2
0
5

10

15

20

30

Concentration of tefluthrin on wheat seed (g a.i. per 100 kg seed)
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CHAPTER 6: Effect of temperature on the morbidity and recovery of
Limonius canus following contact with tefluthrin-treated
wheat seeds

This chapter was published as:

van Herk, W. G., and R. S. Vernon. 2008. Effect of temperature on the morbidity and recovery of
the Pacific Coast wireworm, Limonius canus, following contact with tefluthrin-treated wheat seeds.
Entomologia Experimentalis et Applicata 126: 228-232.
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6.1 Abstract

Late instars of the Pacific Coast wireworm, Limonius canus (LeConte) (Coleoptera:
Elateridae), were exposed to wheat seeds treated with tefluthrin at 10 g AI/100 kg wheat seed, for
2 min, at 10, 15, 20, and 25°C. All wireworms were moribund within 20 min of first exposure and
recovered fully within 7 h. Morbidity induction time (i) decreased considerably as the temperature
(t) was increased from 10 to 15°C, but did not decrease further when the temperature was
increased from 15 to 25°C. For each temperature, induction time decreased as wireworm weight
(w) increased at all temperatures, so that: i = 21.9452 × e

(-0.1261t + 0.0031t^2 + 0.0131w)

. A strong

negative temperature coefficient was observed in wireworm recovery, the time required for
recovery (r) after exposure decreasing as both temperature (t) and wireworm weight (w)
increased, so that: r = 1102.47(w)

(-0.1848)

×e

(-0.1012t)

. The temperature at which wireworms contact

insecticides in the field may significantly affect the induction and duration of morbidity, and
determine whether wireworms will become moribund before they are repelled by tefluthrin. The
ability of wireworms to recover from tefluthrin-induced morbidity may seriously limit the efficacy of
this insecticide in reducing wireworm populations in the field.
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6.2 Introduction

The Pacific Coast wireworm, Limonius canus (LeConte) (Coleoptera: Elateridae), is an
economically important pest of grain and vegetable crops in western North America (Horton and
Landolt 2001; Chapter 5). Due to the attrition of insecticides used for wireworm control in recent
years, crop damage caused by this and other wireworm species is likely to increase (Chapter 2),
making it increasingly important to understand the basic biology of these insects (Horton and
Landolt 2001). Recent work has indicated that L. canus, as well as the dusky wireworm, Agriotes
obscurus L., the potato wireworm, A. sputator L., the prairie grain wireworm, Ctenicera destructor
(Brown), and the Great Basin wireworm, C. pruinina (Horn), are able to make a full recovery from
long term (up to 10 mo) morbidity induced by contact with neonicotinoid insecticides (Chapter 2,
3), and that tefluthrin and lindane applied to wheat seeds are repellent to L. canus and A.
obscurus (Chapter 9). In addition, brief (< 5 min) contact with tefluthrin-treated seeds is sufficient
to elicit short-term (< 1 d) morbidity in L. canus, the duration of morbidity increasing with both the
duration of contact and the concentration of tefluthrin on the seed (Chapter 5).
These sub-lethal effects on behaviour underscore the importance of assessing the short
and long-term effects of insecticides on the health and behaviour of wireworms before they are
used in wireworm control programmes. Insecticides that merely repel and/or cause temporary
morbidity may provide temporary crop stand protection without effectively reducing wireworm
populations (R.S.V., unpublished data).

In addition, the ability of L. canus to recover from

morbidity induced by insecticides merits further research, particularly as temperature is known to
affect recovery from morbidity induced by DDT and pyrethroid insecticides in other insects (Vinson
and Kearns 1952; Blum and Kearns 1956; Scott and Georghiou 1984). Here we describe the
effect of temperature on the induction of, and recovery from, morbidity following contact with
tefluthrin in L. canus.
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6.3 Materials and methods

6.3.1 Wireworms

Wireworms were collected from an organic farm in Kelowna, BC, Canada (49° 49’ N, 119°
®

26’ W) in June 2006 and stored in 40 liter Rubbermaid tubs filled with sandy clay-loam soil at 4°C
until needed.

To reduce variability, only late-instar, feeding wireworms were used in the

experiments (Chapter 5), and all observations were conducted in January 2007.

To isolate

feeding wireworms, the soil temperature was brought up to approximately 20°C and potato pieces
were inserted into the soil. Wireworms found actively feeding on the potato pieces were removed
gently and used in the bioassays within 3 d.

6.3.2 Induction of morbidity

To determine the effect of temperature on the induction of and recovery from morbidity,
wireworms were moved to rooms in which the temperature was set at 10, 15, 20, or 25°C (±
0.2°C) 24 h before they were used in bioassays. The temperature was monitored continuously
throughout the bioassays with an electronic thermometer (VWR International, Delta, BC). To
induce morbidity, individual wireworms were placed in microcentrifuge tubes together with a
single, ungerminated wheat seed for 2 min, as described in Chapter 5. Wheat seeds (cv. Superb)
were treated [Syngenta Crop Protection (Canada) Inc., Portage la Prairie, MB] with the fungicide
Dividend XLRTA (containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g AI/100 kg
seed and Tefluthrin 20CS (tefluthrin) at 10 g AI/100 kg seed. After exposure, wireworms were
removed from the tubes and placed in individual 35 mm Petri dishes lined with moistened filter
paper (Chapter 5) and observed continuously for 20 min to determine the time required for
morbidity symptoms to appear (i.e., the “induction time”). After this observation period, wireworms
were weighed and placed in individual film canisters (Chapter 5). Fifty wireworms were exposed
to each treatment, and all wireworms were assayed only once. In addition, 20 control wireworms
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were exposed to seeds treated only with Dividend XLRTA at 20°C for 2 min in Eppendorf tubes,
and thereafter observed in Petri dishes as above. Wireworms exposed to seeds treated with
Dividend XLRTA and Tefluthrin 20CS at 25°C were moved to 15°C within 20 min of recovery to
determine if morbidity symptoms recurred, as reported for other insects (Vinson and Kearns 1952;
Blum and Kearns 1956).

6.3.3 Health assessment

After placement in the film canisters, wireworm health and behaviour were again assessed
and recorded every 10 min until 30 min after symptoms of morbidity ceased, using the general
criteria and protocol described in Chapters 2 and 5. Wireworms were considered “Alive” if they
were able to move a distance of at least five body lengths in a straight line without falling over or
twisting their bodies. Wireworms were considered “Affected” if they could move in a more-or-less
straight line, but occasionally fell over or twisted their bodies from side to side while walking.
Wireworms were considered “Writhing” if they could only make short-distance movements (1 – 2
body lengths), rolled onto their backs, or twisted into characteristic ‘C’ or corkscrew shapes
(Chapter 2). Wireworms were considered “Moribund” if they were either “Affected” or “Writhing”.
Wireworms appeared “Affected” for approximately 5 min before they started writhing (during
induction) and passed through this stage again briefly before recovery. Wireworms were not
observed to enter the “Leg and Mouthpart movement” category of morbidity described in Chapter
2.

6.3.4 Statistical analyses

Differences in wireworm weight among treatments were analyzed with ANOVA (Proc GLM,
SAS 9.1; SAS Institute, 2002). Differences in induction time among temperatures were analyzed,
after log transformation to stabilize the variance (Southwood 1966), with ANCOVA (Proc GLM,
SAS 9.1), with wireworm weight included as a covariate. Subsequent analysis with orthogonal
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contrasts was conducted to determine if the response to temperature was non-linear. Induction
times between different temperatures were also compared with orthogonal contrasts. Similar
analyses were conducted to measure differences in recovery time among temperatures.
To develop a model for induction, induction times were regressed against temperature and
wireworm weight (Proc REG, SAS 9.1). Similar analyses were conducted to model wireworm
recovery. Individual wireworm weights were used in these analyses. To visualize how wireworm
weight affected induction, wireworms exposed at each temperature were placed into four
categories by weight, notably < 20.0, 20.0 – 24.9, 25.0 – 29.9, and > 30.0 mg, and mean induction
times calculated per category.

Finally, induction time was regressed against recovery time to

determine if the two were correlated (Proc REG, SAS 9.1).

6.4 Results and discussion

6.4.1 General observations

There was little variability in mean wireworm weights between treatments. Mean weights
ranged from 24.9 (SEM = 1.09) to 26.6 (0.97) mg and did not differ significantly among treatments
(F = 0.63, df = 3,196, P = 0.59). Control wireworms exposed only to Dividend XLRTA did not
become moribund, indicating that morbidity observed in other treatments was induced by
tefluthrin. Recovered wireworms did not show recurring symptoms of morbidity 1 or 7 d after
initial exposure, or thereafter for up to 35 d. Wireworms were not observed to feed on seeds
during exposure.

6.4.2 Induction time

Temperature and wireworm weight had a significant effect on induction time (ANCOVA: F =
19.18, df = 3,195, P < 0.0001 and F = 31.45, df = 1,195, P < 0.0001, respectively). Wireworms
exposed at 10°C required more time to become moribund than those exposed at 15°C
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(orthogonal contrast: F = 30.77, df = 1,195, P < 0.0001), and there was no significant difference
between wireworms induced at 15 and 20°C or 20 and 25°C (orthogonal contrast: F = 2.74, df =
1,195, P = 0.10 and F = 1.61, df = 1,195, P = 0.21, respectively; Table 6.1). Orthogonal polynomial
contrasts revealed that linear, quadratic, and cubic terms were all significant for temperature (F =
37.86, df = 1,195, P < 0.0001, F = 23.10, df = 1,195, P < 0.0001, and F = 1.80, df = 1,195, P =
0.0007, respectively), indicating that induction time did not decrease linearly with temperature.
Induction time increased with weight at all temperatures (Figure 6.1).

Regression of

induction (i) time to temperature (t) and wireworm weight (w) yielded the following model: i =
21.9452 × e

(-0.1261t + 0.0031t^2 + 0.0131w)

(SE = 1.2082, 0.0227, 0.0006, and 0.0023, respectively; for all
2

factors: P < 0.0001, df = 196, adjusted R = 0.30). There was no significant (P > 0.5) interaction
between wireworm weight and temperature in morbidity induction.

6.4.3 Recovery time

Wireworms induced at 20°C recovered as quickly as those exposed at the same
temperature in previous experiments (Chapter 5).

Recovery time decreased sharply as

temperature increased (Table 6.1), indicating that temperature strongly affects the toxicity of
tefluthrin in L. canus. ANCOVA indicated that both temperature and wireworm weight significantly
affected recovery time (F = 442.56, df = 3,195, P < 0.0001 and F = 10.17, df = 1,195, P = 0.0017,
respectively), and subsequent analysis with orthogonal polynomial contrasts revealed that both
linear and cubic terms were significant for temperature (F = 1314.55, df = 1,194, P < 0.0001 and F
= 355.19, df = 1,194, P < 0.0001, respectively), indicating that recovery time did not decrease
linearly with temperature.

Specific orthogonal contrasts indicated that wireworms recovered

significantly more quickly at 25 than 20°C, 20 than 15°C, and 15 than 10°C (F = 193.65, df =
1,195, P < 0.0001; F = 64.29, df = 1,195, P < 0.0001 and F = 183.42, df = 1,195, P < 0.0001,
respectively). Regression of recovery time (r) to temperature (t) and wireworm weight (w) yielded
the following: r = 1102.47(w)

(-0.1848)

×e

(-0.1012t)

(SE = 1.21, 1.0590, and 0.0029, respectively; P <
2

0.0001, P = 0.0015, and P < 0.0001, respectively; for all factors: df = 197, adjusted R = 0.86).
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Regression of recovery time (r) to induction (i) time detected a weak, but statistically
significant correlation between the two: r = 29.18 + 1.75i (SE = 1.42 and 1.17, respectively; P <
2

0.0001 and P = 0.0004, respectively; for both factors: df = 198, adjusted R = 0.06).

This

suggests that the longer it took for wireworms to become moribund, the longer it took to recover.
2

Due to the low R value of the model, however, this relationship was not explored further. Finally,
morbidity did not recur in wireworms that were moved to 15°C after recovering at 25°C,
suggesting that morbidity symptoms disappeared because the chemical had been detoxified.

6.4.4 Evaluation

Both negative and positive temperature coefficients have been reported for pyrethroid
insecticides (Wadleigh et al. 1991; Li et al. 2006). These may result from differential penetration
or detoxification rates (Ahn et al. 1987), from changes in nerve sensitivity caused by differential
binding of the insecticide to membrane receptors (Adams and Miller 1980; Toth and Sparks
1988), and/or from changes in membrane fluidity (Chang and Plapp 1983; Scott and Georghiou
1984). However, changes in penetration rates would probably cause a negative temperature
coefficient of morbidity induction as it would take longer for the insecticide to reach the target sites
at lower temperatures (Scott and Georghiou 1984). This was not observed in this study. Further,
as removal of wireworms to a 15°C environment upon recovery at 25°C did not cause recurrence
of morbidity symptoms, it is unlikely that the negative temperature coefficient observed for
recovery resulted from changes in target site sensitivity as this would result in unmetabolized
insecticide molecules to bind to the target sites and induce morbidity when the temperature is
decreased. Hence it is likely that the observed effect of temperature on recovery resulted from
more rapid detoxification of tefluthrin at higher temperatures. However, more work is necessary
to determine this.
The negative temperature coefficient of tefluthrin on L. canus recovery suggests that the
post-application temperatures at which insecticides are present in soil may significantly affect their
efficacy on wireworms in the field. While seeds treated with an insecticide may offer temporary
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crop stand protection from wireworm damage by repulsion and/or inducing morbidity, the duration
of this morbidity (and protection) may depend on the temperature at which the wireworms contact
the insecticide, and hence the time of year crops are planted.
Larvae of L. canus move away from tefluthrin-treated seeds after brief (< 10 min) contact in
the soil at 21°C unless they become moribund before they are repelled (Chapter 9). As contact
with treated seeds can itself induce morbidity in L. canus, and as the time required for recovery
from morbidity increases with the duration of contact (Chapter 5), wireworms are most likely to
absorb a lethal dose of tefluthrin if they become moribund while in contact with treated seeds.
Hence the more quickly larvae become moribund upon exposure, the more likely the chemical will
be effective. One way to induce morbidity more rapidly is to increase the amount of tefluthrin
placed on the seeds (Chapter 5). The results reported here suggest that the longer time required
for induction of morbidity at lower temperatures may cause wireworms to move away from
tefluthrin in the soil before becoming moribund. However, at lower temperatures wireworms that
are in contact with treated seeds while moribund are more likely to absorb a lethal amount of
tefluthrin.
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6.7 Tables and figures

Table 6.1 Time required for Limonius canus larvae to become moribund (induction time) and to
recover from morbidity following exposure to tefluthrin-treated wheat seeds at different
temperatures; n = 50 per temperature. Means separated with orthogonal contrasts; numbers
within a column followed by a different letter are significantly different (P < 0.0001).

Mean (± SEM)

Mean (± SEM)

induction time (min)

recovery time (min)

10

12.2 (0.44) a

235.6 (8.61) a

15

9.4 (0.26) b

125.2 (3.36) b

20

9.0 (0.31) b

86.8 (1.72) c

25

9.3 (0.36) b

49.8 (2.17) d

Temperature (°C)
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Figure 6.1 Effect of weight on the induction of morbidity in Limonius canus larvae following
exposure to tefluthrin-treated wheat seeds at different temperatures. Error bars depict SEM of
induction time in each weight category.
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25 - 29.9 mg

> 30 mg

CHAPTER 7: Effect of handling and morbidity induction on the
weight, recovery, and survival of Limonius canus

This paper was published as:

van Herk, W. G., and R. S. Vernon. 2008. Effect of handling and morbidity induction on the
weight, recovery, and survival of the Pacific Coast wireworm, Limonius canus (Coleoptera:
Elateridae). Journal of the Entomological Society of British Columbia 105: 115-116.
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7.1 Abstract

Repeated handling and health checks, with or without induction of temporary morbidity,
causes slight but significant weight loss in larvae of the Pacific Coast wireworm, Limonius canus
LeConte, but has no noticeable effect on long-term survival or larval development. Wireworms
that were handled daily lost 1.5% of their initial mass; wireworms handled daily after being made
moribund through contact with the synthetic pyrethroid tefluthrin lost 1.3% mass over 4 d.
Wireworms in both treatments continued to lose weight 2 mo after last handling (4.0 and 2.5% of
original mass, respectively).

Wireworms exposed daily to tefluthrin-treated wheat seeds

recovered more rapidly on day 2 than on day 1, but recovery times did not decrease further on
days 3 and 4.
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7.2 Introduction

Wireworms are able to recover from prolonged morbidity induced by exposure to
insecticides (Chapter 2), but it is unclear to what extent (if any) wireworm physiology and survival
are affected by repeated handling and/or morbidity inductions. In some insects, handling and/or
repeated induction of immobility reduces larval weight and retards development (Nicolas and
Sillans 1989).

It is possible that differences in weights and/or survival among wireworms

repeatedly made moribund, similarly handled but not made moribund, and not subjected to
handling or morbidity might occur.
Larvae of Pacific Coast wireworm, Limonius canus LeConte, become temporarily moribund
after contact with tefluthrin-treated wheat seeds, and recover more quickly when re-exposed
(Chapter 5), but it is not known if continued re-exposure further decreases recovery time.
Wireworms repeatedly contact insecticide-treated seeds in the soil, hence a continued decrease
in the morbidity duration may affect the insecticide’s efficacy in the field. Here we discuss whether
wireworms continue to recover more quickly from tefluthrin-induced morbidity, and whether this
and/or handling of wireworms affects their weight and the time required to complete their larval
instar.

7.3 Methods

Wireworms used in studies were collected from an organic farm in Kelowna, BC, in June
2007 and stored in soil at 15ºC until needed. Late-instar, feeding wireworms were randomly
allocated to one of three treatments (24 – 50 per treatment), hereafter named the ‘morbidity’,
‘handled’, and ‘control’ treatments, and all observations were conducted at a consistent room
temperature (21 ± 1ºC).
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7.3.1 Morbidity induction and handling

In the ‘morbidity’ treatment, morbidity was induced, and wireworm health assessed
according to methods described in Chapter 5. Individual wireworms were placed for 2 min in 1.5
ml Eppendorf microcentrifuge tubes (Fisher Scientific, Ottawa, ON) with a single, ungerminated
wheat seed (cv. Superb) treated with Tefluthrin 20CS (20% tefluthrin w/v) at 10 g AI/100 kg seed
and the fungicide Dividend XLRTA (3.21% difenoconazole, 0.27% mefenoxam) at 13 g AI/100 kg
seed. Seeds were treated in 2007 by Syngenta Crop Protection Canada Inc. (Portage la Prairie,
MB). After exposure, wireworms were placed in individual Petri dishes lined with moistened filter
paper to observe the onset of morbidity, and subsequently placed in separate, identical film
canisters filled with finely screened soil made up to 20% moisture by weight. Wireworm ‘health’
was assessed and recorded every 10 min until 30 min after there were no further symptoms of
morbidity (i.e., 7 - 15 times). Morbidity was induced using this method at 24 h intervals for 4
consecutive days.
Wireworms used in the ‘handled’ treatment were placed for 2 min in Eppendorf tubes with a
single untreated wheat seed (cv. Superb) and, as above, observed for 20 min in a Petri dish, and
thereafter transferred to film canisters filled with soil.

To expose these wireworms to the

equivalent amount of handling as those in the ‘morbidity’ treatment, the health of ‘handled’
wireworms was subsequently assessed at 10 min intervals 12 times on the first day and 10 times
on the subsequent 3 days. Wireworms in the ‘control’ treatment were placed in film canisters and
weighed, but were not placed in Eppendorf tubes or Petri dishes. Wireworms were weighed
individually for 5 consecutive days, approx. 6 h before wireworms in the ‘handled’ or ‘moribund’
treatments were placed in Eppendorf tubes the first 4 days, and at the same time of day on day
five. Wireworms were weighed for final time approx. 2 mo later, at which time the proportion of
wireworms that had moulted (had cast exuviae) was recorded.
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7.3.2 Statistical analyses

Wireworm recovery durations were compared among treatments with ANOVA (Proc GLM,
SAS 9.1; SAS Institute 2002), and the percentage decrease in recovery time between day 1 and
days 2, 3, and 4 was calculated. Weight loss over time was compared among treatments with
repeated measures ANOVA (Proc GLM, SAS 9.1); orthogonal contrasts were used to compare
wireworm weight loss between ‘control’ and ‘handled’, and between ‘handled’ and ‘moribund’
treatments. Proportions of larvae that moulted were compared among treatments with Chi-square
analysis (Proc FREQ, SAS 9.1).

7.4 Results and discussion

7.4.1 Recovery

In the morbidity treatment, the time taken to recover on day 1 was 88.8 ± 2.3 (SEM) min,
similar to that reported in previous studies (i.e., between 86.0 and 87.8 min; Chapter 5). The time
taken to recover on day 1 was significantly longer than on days 2, 3 and 4 (72.4 ± 1.8, 69.4 ± 1.8,
71.8 ± 1.8 min, respectively; F = 20.70, df = 3,196, P < 0.0001), but recovery durations on the
latter 3 days were not different (P > 0.05). Recoveries on days 2, 3 and 4 were 18.5 – 21.8%
more rapid than the initial recovery time. These data suggest that repeated contact with tefluthrintreated seeds in the field will not likely make wireworms insensitive to the insecticide. While the
underlying biochemical mechanism accounting for this decrease in recovery time is currently
unknown, induction of brief immobility in other insects results in a rapid and substantial
biochemical changes which may persist for several days (Nicholas and Sillans 1989).
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7.4.2 Weight loss

Analysis of individual wireworm weights over time using the first five weight measurements
with repeated measures ANOVA indicated a significant weight loss over time (F = 8.35, df =
4,384, P < 0.0001, Table 7.1) and a significant interaction effect between weight loss and
treatment (F = 2.25, df = 8,384, P = 0.02). These factors remained significant (P < 0.05) when
weight measurements from all six weighing days were included in analyses; orthogonal contrasts
of weight loss between treatments indicated greater weight loss in ‘handled’ than in ‘control’
treatments (F = 3.04, df = 5,480, P = 0.01), but not between ‘moribund’ and ‘handled’ treatments
(F = 0.80, df = 5,480, P = 0.55). These results suggest that the weight loss in the ‘moribund’
treatment was due to handling alone, and that extensive handling of wireworms may cause
unperceived stresses or damage, perhaps including biochemical changes such as elevation of
hemolymph sugar or lipid content (Woodring et al. 1989).

It is unlikely the observed weight loss

resulted from desiccation as it continued between the days 5 and 68 when wireworms were
continuously in moist soil. These results indicate that care must be taken to minimize handling
events and/or handling trauma.

7.4.3 Survival

All wireworms were still alive on day 68 and there was no difference in the proportion that
had moulted in the ‘moribund’, ‘handled’, and ‘control’ treatments by day 68 (0.62, 0.52, 0.42,
2

respectively; c = 2.79, df = 2, P = 0.25), suggesting that repeated morbidity induction and
extensive handling did not affect survival or development.
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7.7 Tables

Table 7.1 Mean (SEM) weight (mg) of Limonius canus larvae subjected to one of three
treatments:

‘Moribund’: repeated handling plus morbidity induced by insecticide exposure:

‘Handled’: repeated handling only: ‘Control’: no handling or morbidity induction.

Treament

N

Day 1

Day 2

Day 3

Day 4

Day 5

Day 68

Control

24

25.5 (1.2)

25.6 (1.2)

25.5 (1.2)

25.5 (1.2)

25.5 (1.2)

25.7 (1.2)

Handled

25

26.0 (1.1)

25.8 (1.1)

25.8 (1.1)

25.7 (1.1)

25.6 (1.1)

24.9 (1.2)

Moribund

50

25.4 (0.8)

25.5 (0.8)

25.1 (0.8)

25.1 (0.8)

25.1 (0.8)

24.7 (0.8)
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CHAPTER 8: Repellency of Agriotes obscurus upon exposure to
synthetic insecticides in a soil-less bioassay

This chapter was published as:

van Herk, W. G., R. S. Vernon, and B. D. Roitberg. 2008. Repellency of a wireworm, Agriotes
obscurus (Coleoptera: Elateridae) on exposure to synthetic insecticides in a soil-less bioassay.
Environmental Entomology 37: 534-545.
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8.1 Abstract

A soil-less bioassay arena to test repellency of wireworms (A. obscurus) to insecticides and
carrier solvents is described. The bioassay and variables measured distinguish between shorterrange (contact and/or volatile) and longer-range (volatile) repellency. Wireworm positions are
recorded every 3 s for 20 min, and average speed, rate of slowing and longer- and shorter-range
repellent behaviours are calculated. Shorter-range repellency is determined with a Wireworm
Repellency Score (WRS, range 0 – 100), calculated before contact and after contact with test
chemicals. Of two carrier solvents tested, wireworms were strongly repelled by acetone (WRS =
57), but not by water (WRS = 1) when introduced to the bioassay arenas immediately after
chemical inoculation. When bioassay arenas were assembled/sealed 2 min after inoculation,
acetone elicited no repellency (WRS = 2). When dissolved in acetone in bioassays assembled
with a 2 min delay, imidacloprid, chlorpyrifos, lindane and tefluthrin elicited slight to moderate
repellency at the highest concentrations tested (WRS = 30, 48, 42, and 49, respectively). Both
longer- and shorter-range repellency increased over the duration of the observation period for
lindane and tefluthrin, and shorter-range repellency also increased over the duration of the
observation period for chlorpyrifos.

Removal of volatiles in the bioassay arena by vacuum

considerably affected wireworm movement in the arena, with the repellency elicited by acetone
and lindane being significantly reduced.

Clothianidin elicited no longer- or shorter-range

repellency.
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8.2 Introduction

Two wireworms (Coleoptera: Elateridae) of European origin, notably the dusky wireworm,
Agriotes obscurus (L.), and the lined click beetle, A. lineatus (L.), have become important pests of
vegetable, cereal, forage and certain small fruit crops in British Columbia (BC) (Vernon and Päts
1997; Vernon et al. 2001; van Herk and Vernon 2006). The problem is likely to worsen in Canada
and elsewhere (e.g., United Kingdom: Parker and Howard 2001) due to the withdrawal of the most
effective wireworm insecticides (Vernon et al. 2000, Chapter 3). While the effectiveness of new
insecticides, including chloronicotinoids (e.g., imidacloprid), thianicotinoids (e.g., thiamethoxam)
and phenyl pyrazoles (e.g., fipronil) as replacements for wireworm control are being studied on
several crops (Parker and Howard 2001; Kuhar et al. 2003), little is known about their effect(s) on
wireworm foraging behaviour. It is known that wireworms are repelled by some insecticides:
larvae of the Pacific Coast wireworm, Limonius canus (LeConte), were repelled by baits treated
with arsenic (Lehman 1933), aldrin and lindane elicited repellency in Melanotus communis (Gyl.)
(Long and Lilly 1958, 1959), and lindane was suspected of eliciting repellency in the sugarbeet
wireworm, L. californicus (Mann.) (Toba et al. 1988). Recent work by van Herk and Vernon
(Chapter 9) has shown that both A. obscurus and L. canus are repelled by tefluthrin placed on
wheat seeds after contact. Repellency may also be elicited by naturally occurring compounds with
insecticidal activity: L. californicus (Mann.) are repelled by allyl isothiocyanate (Williams et al.
1993), and A. obscurus are repelled by thymol and citronellal (Waliwitiya et al. 2005).
Non-lethal sensitivity of wireworms to insecticides may have important implications for their
control. Repellency-inducing insecticides coated onto seeds or incorporated into the soil may
temporarily offer stand protection during early crop establishment by preventing feeding damage
without actually reducing wireworm populations.

In crops such as cereals, protection from

wireworm feeding during the germination and establishment stage might be sufficient to obtain
normal stand and yield at harvest.

In potatoes, however, early season sub-lethal wireworm

repulsion is undesirable, since the surviving wireworms return later in the growing season to feed
on daughter tubers (R.S.V., unpublished data).
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Monitoring the behaviour of soil insects is difficult and usually requires significant alteration
of the insect’s habitat (Villani and Wright 1990). Various approaches have been used to monitor
the movement of wireworms in the soil, including radioactive tagging with Cobalt-60 (Fredericksen
and Lilly 1955), radiographs of lead-foil-chip labelled wireworms (Villani and Gould 1986), and
labelling of trap crops with rubidium (Cheshire et al. 1987).

Soil-less bioassays have been

evaluated previously by Thorpe et al. (1947), who concluded that wireworms do not respond to
odors in Y-tube olfactometers, and Chaton et al. (2003), who recorded A. lineatus tracks in a soilless bioassay by recording wireworm positions every 15 s for 15 min. In this paper we present a
soil-less bioassay and observational criteria that can be used to monitor and quantify wireworm
repellency to various chemicals including insecticides. Repellency is here defined as the oriented
movement away from a stimulus (Dethier et al. 1960), and includes both movement away from a
drop of chemical before contacting it (volatile repellency) or after contacting it (contact repellency).
The behaviour of A. obscurus in the presence of the solvents water and acetone, and the
insecticides imidacloprid, clothianidin, thiamethoxam, fipronil, lindane and tefluthrin are described.
Wireworms were exposed to both commercial and technical formulations of the above
insecticides.

8.3 Materials and methods

8.3.1 Wireworm collection, preconditioning and treatment during bioassays

Late-instar larvae of A. obscurus were collected from a field in Agassiz, B.C., Canada (49°
®

14’ 21” N, 121° 47’ 07” W), and stored at 10°C in 40 liter Rubbermaid tubs of screened soil for
several weeks until used. Wireworms were selected for bioassays by size and physiological state.
All wireworms were between 15 and 22 mm long and therefore between 3 and 4 y old according
to length criteria developed for A. obscurus (Subklew 1934). Wireworms were visually inspected
before being placed in the bioassay to ensure that they were healthy and demonstrated normal
activity, using criteria developed in Chapter 2. Only wireworms in a feeding state were selected
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for bioassays, since some Agriotes species spend only 20% of the duration of each instar feeding
(Furlan 1998, 2004), and because wireworms encountering insecticides are usually foraging for
food. In addition, the nutritional state of A. obscurus is known to affect their sensitivity to chemical
stimuli (Thorpe et al. 1947), so that selection of only feeding wireworms helps to reduce variability
in results. Feeding wireworms can be easily assembled in the storage tubs using potato slices
placed cut face down on the soil. Also, all bioassay observations were done at room temperature
(21 ± 1ºC) under low intensity red light, because A. obscurus are reported to be negatively
-1

-2

phototrophic to white light but not to red light (Falconer 1945b). Light intensity was 0.75µE s m ,
measured with a Li-188B integrating quantum radiometer/photometer (Li-Cor, Lincoln, NB).
Wireworms were used only once and were measured and weighed after observation to minimize
pre-observation handling.

8.3.2 Bioassay apparatus

Bioassay arenas were made by Simon Fraser University’s Science Technical Center
(Burnaby, B.C.), and consisted of three separate 14.0 cm × 14.0 cm × 3.0 mm sections of
®

Plexiglas connected by small carriage bolts (Fig. 8.1A). A 12.0 cm diameter hole was machined
2

into the center section, creating a 113.1 cm circular chamber into which the wireworms were
placed.

A transparent plastic grid overlaying the top (also transparent) section divided the

chamber into 113 equally-sized cells which were grouped into 8 concentric rings and 4 quadrants
(Chapter 9). Rings and cells were numbered from the center outwards with ring 1 consisting of a
single cell (cell 1) touching all 4 quadrants; other cells were restricted to individual quadrants.
Cells 89, 96, 103, and 110 were the center cells of the outermost ring (ring 8) in quadrants I, II, III,
and IV, respectively, and one of these cells, chosen at random, received the test chemical. The
center of cell 1 (in center of grid) was positioned directly below a single 5.0 mm hole machined in
the center of the fixed top piece. The plastic grid could be removed and replaced quickly to
introduce a wireworm into the chamber through the center hole without disturbing the bioassay. A
1.0 mm air space was created between the top and middle pieces using metal washers to allow
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for passive air circulation through the chamber. The floor of the chamber was lined with Whatman
No. 1 filter paper moistened with approximately 3.0 ml of reverse osmosis water applied evenly as
a mist. Pre-trials indicated that wireworms can survive in this bioassay chamber for several days
before the paper dries and the wireworms desiccate (data not shown). The bioassay apparatus
®

was disassembled and cleaned with Palmolive detergent after each observation.
To help determine if repellency was elicited by volatiles in the chamber or by direct contact,
a second top section was made with a 5 mm hole above the middle of cell 89 (in these bioassays,
the only cell in which chemical droplets were placed). Air was drawn through the hole above cell
89 at 500 ml/min (Matheson Gas Products Airflow Regulator #602, Montgomeryville, PA) to
remove volatiles in the chamber. Tests with a smoke pencil indicated that this was the minimum
airflow required to remove smoke introduced through the 1 mm airspace into cells opposite the
site of aspiration.

8.3.3 Chemicals tested

The insecticides under evaluation were dissolved in water (reverse osmosis) or acetone
(100%). To determine the influence of these solvents alone on wireworm behaviour, a 20 µl drop
was added to the moistened filter paper in the centre of one of cells 89, 96, 103, or 110. In
addition to the control solvents, 20 µl drops of the following compounds were tested: imidacloprid
(0.01, 0.1, 1, and 10% solutions in water, 0.1 and 1% solutions in acetone), clothianidin (0.1, 1,
and 10% solutions in water, 1% solution in acetone), thiamethoxam (0.1, 1, and 10% solutions in
water, 1% solution in acetone), fipronil (0.1, 1, and 10% solutions in water, 1% solution in
acetone), chlorpyrifos (0.1, 1, and 10% solutions in water), lindane (0.1, and 1% solutions in
acetone), and tefluthrin (0.01, 0.1, and 1% solutions in acetone). All compounds dissolved in
acetone were obtained as technical materials (purity > 95%) from Bayer CropScience Inc.,
Calgary, AB (imidacloprid, clothianidin); Syngenta Crop Protection, Inc., Greensboro, NC
(thiamethoxam, tefluthrin); BASF Corporation, Research Triangle Park, NC (fipronil), and May and
Baker Canada Inc., Mississauga, ON (lindane). All compounds dissolved in water were obtained
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as commercially available suspensions from Bayer CropScience Inc., Calgary, AB (Admire 2F:
imidacloprid; Poncho 600FS: clothianidin), Syngenta Crop Protection, Inc., Greensboro, NC
(Cruiser 5FS: thiamethoxam); BASF Corporation, Research Triangle Park, NC (Regent 4SC:
fipronil), and United Agri Products Canada Inc., Dorchester, ON (Pyrinex 480EC: chlorpyrifos).
Tests with a 20 µl drop of blue food-colouring preparation (Scott-Bathgate Ltd., Vancouver, BC)
diluted 10:1 in water, indicated that the drop was almost completely contained in the cell in which it
was placed (Fig. 8.1A). Upon inoculation of the treatments, the top section of the bioassay was
replaced either immediately (for all chemicals dissolved in water), or after a 2 min waiting period to
allow solvent volatiles to dissipate (for all chemicals dissolved in acetone). Preliminary trials
indicated that after 2 min acetone volatiles were no longer detectable (data not shown).

8.3.4 Tracking wireworm movements

Immediately after treatment inoculation and top placement, a wireworm was introduced into
cell 1, the transparent grid put back in place and observations started.

As it takes most

wireworms 3 – 4 s to move from one cell to the next, positions were recorded every 3 s
(immediately after cue of an electronic chime) for 20 min. Wireworms were recorded as being in
the middle of a cell when their head capsule was anywhere in that cell. The distance traveled per
3 s interval was recorded as the length of a straight line from the midpoint of one cell to the
®

midpoint of the next. Positions were recorded into an MS Excel spreadsheet to plot wireworm
tracks and calculate section midpoints and wireworm speeds. Wireworm speed and deceleration
rates indicate if a chemical has a sublethal effect on wireworms during the observation period.

8.3.5 Repellent behaviour

Repellent behaviour was obvious when wireworm tracks in the bioassay arenas were
plotted (Fig. 8.1B).

From these timed and plotted observations, two types of repellency were

identified, notably: longer-range repellency and shorter-range repellency.
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Longer-range

repellency was evident when wireworms spent significantly less time in the quadrant containing
the chemical (Qi) than in the opposite, control quadrant (Qo) (measured by comparing the
proportion of time spent in the two quadrants by Student t-test).

Change in longer-range

repellency over the course of the observation was measured by comparing the proportion of time
spent in Qi and Qo separately for the first five minutes and second five minutes of observation
(Periods 1 and 2, respectively), as well as by comparing the proportion of time spent in Qi in
Period 1 with the proportion of time spent in Qi in Period 2.
Shorter-range repellency occurred if wireworms avoided a chemical by backing away or
turning abruptly upon approaching the inoculated cell, Ci. This was measured as the proportion of
time a wireworm turned and backed away during the time interval out of the number of times it
approached the chemical. An approach is here defined as movement through three or more
consecutive cells in ring 8, at least one of which is in Qi (e.g., movement through cells 84-85-86 is
considered an approach to cell 89). Approaches were considered distinct if they were separated
by more than 9 s (the average length of time it took wireworms to move through three consecutive
cells). Repellency upon approach to Ci was compared to the wireworm’s behaviour at the control
cell, Co, located exactly opposite Ci (e.g., if cell 89 in quadrant I contained the chemical, Co was
103 in quadrant III). Approaches made to Ci and Co through other rings or cells were rare and are
not included in the analysis.
For chemicals that elicited shorter-range repellency, repellency was further subdivided into
repellency before contact and repellency after contact. Repellency before contact occurred when
wireworms avoided the chemical by backing away or turning abruptly when 1.5 to 5.0 cm away
from Qi (e.g., when the chemical was in cell 89, repellency occurred in cell 86, 87, 91 or 92).
Repellency after contact occurred when wireworms avoided the chemical by backing and turning
(as above) within 1.5 cm of the midpoint of the inoculated cell (e.g., when Ci is 89, repellency
could occur in cells 88, 89, or 90). While the chemical was almost completely contained in Ci,
wireworms that backed or turned in the adjacent cells were considered to have contacted the
chemical to account for the possibility that the chemical had spread into cells adjacent to Ci. Both
types of shorter-range repellency were measured as the mean proportion of time a wireworm
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turned and backed away when approaching Ci, relative to its behaviour at Co (as described
above), and were combined to calculate a Wireworm Repellency Score (WRS). The WRS for
each chemical represents the mean proportion of repellent behaviours when approaching Ci
minus the proportion of such behaviours when approaching Co, multiplied by 100 to create a 0 –
100 scale. As wireworms are observed to turn occasionally when no chemical or control solution
was present (data not shown), a chemical was considered to elicit no repellency if the WRS was ≤
10.

Short-range repellency was further divided into three categories, with chemicals eliciting

slight, moderate or high repellency at WRS levels of 11 – 40, 41 – 70 and 71 – 100, respectively.
A negative WRS could result when wireworms avoid Co more than Ci.

8.3.6 Statistical analyses

Analysis of variance was performed with Proc GLM in SAS 9.1 (SAS Institute, Cary, NC).
Multiple comparisons of means were made with Ryan-Einot-Gabriel-Welsh Multiple F tests
(hereafter, REGW procedure) (Ramsey 1978) in SAS 9.1 (SAS Institute, Cary, NC) if the number
of means ≥ 10, or otherwise with the Tukey-Kramer procedure. Pair-wise comparisons of means
were made with paired-sample t-tests; pair-wise comparisons of proportions were made with Ztests. The number of approaches to the chemical was square-root (x + 0.5) transformed, and all
proportions were arcsine square-root transformed to normalize the distribution of values
(Southwood 1966) before ANOVA and comparisons. To determine if the proportion of shorterrange repellent events increased over time in selected chemicals, the proportion of repellent
events in each of four consecutive, five-minute periods was regressed to the observation period
using Proc REG in SAS 9.1 (SAS Institute, Cary, NC).
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8.4 Results and discussion

8.4.1 General observations

Wireworms spent significantly more time in the outer ring of the arena (ring 8) than would
be expected if movement was random (Z = 9.25, P = 0.0001). If random, the percentage of time
wireworms spent in any ring should be directly proportional to the number of cells in that ring,
which, for ring 8 (containing 28 of 113 cells) was 24.7%. In preliminary observations in untreated
arenas for 20 min, wireworms (n = 50) actually spent 81.1% (SEM = 1.91) of their time in ring 8,
often following the outer edges of the bioassay in a circular path. For this reason the chemical
droplets were placed in the outer ring in these bioassays to best observe repellent behaviour
where wireworm activity was highest and most predictable.
In the absence of a chemical, preliminary observations indicated that wireworms (n = 50)
spent a similar percentage of time in each quadrant, with means ranging from 24.4% (SEM =
1.23) to 26.3% (1.20). However, in all treatments involving a vacuum above cell 89, wireworms
spent a significantly greater proportion of time in the quadrant where the vacuum was applied than
in the respective control quadrant (Table 8.1). This was likely due to some wireworms being
temporarily arrested under the site of aspiration before continuing. Wireworms were not arrested
for more than 3 s, however, and did not attempt to leave via the vacuum hole.
Pre-trials indicated that wireworms start resting for extended periods after 30 min in the
bioassay arena (data not shown). Wireworms were generally quite active upon introduction into
the bioassay arenas and continued moving at consistent or decelerating rates of speed
throughout the 20 min observation period (Table 8.1).

Some wireworms showed an obvious

‘shock response’ upon contact with certain chemicals. In this response, described in Falconer
(1945a), wireworms recoiled sharply and backed away upon contacting a chemical. However,
shock response was not seen in all chemicals that elicited shorter-range repellency.
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8.4.2 Wireworm health during observations

8.4.2.1 Solvents

Wireworms exposed to water or acetone alone, with or without vacuum, did not become
moribund during the observation periods. There was no significant difference (P > 0.05) in mean
wireworm speed and deceleration rates when exposed to water with and without vacuum (Table
8.1). This indicates that water is a suitable control for repellency observations with water-soluble
insecticides. Mean wireworm speed and deceleration rates were similar (P > 0.05) between water
and acetone (no delay) treatments, and between acetone (no delay) and acetone (vacuum)
treatments (Table 8.1), suggesting that wireworm health was not affected by acetone during
observations. Delaying wireworm entry for 2 min after inoculation with acetone did not affect
average wireworm speed or deceleration (P > 0.05 when compared to water or with other acetone
treatments) (Table 8.1).

8.4.2.2 Insecticides

There was no significant difference (P > 0.05) in mean wireworm speeds or deceleration
rates over 20 min among insecticides dissolved in water (Table 8.1), suggesting that insecticides
dissolved in water did not affect wireworm health during the course of the observations. However,
comparison of all acetone-based treatments in which wireworm introduction was delayed 2 min
indicated significant differences in both mean wireworm speeds (F = 14.09, df = 10,209, P <
0.0001) and deceleration rates (F = 6.65, df = 10,209, P < 0.0001; Table 8.1), suggesting that
some insecticides affected wireworm health during the course of the observation.
Some (10%) wireworms exposed to lindane (no vacuum) exhibited slight “writhing”
movements (Chapter 2) in the last 5 min of the bioassay after exposure to the 1% solution but
were able to continue moving in a directed fashion. Some wireworms were subsequently in a state
of morbidity within 1 h of the observation period (data not shown). Wireworm health was not
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visibly affected in the lindane (vacuum) treatment, indicating lindane volatiles may have caused
wireworm morbidity.
Most (70 – 80%) wireworms exposed to different concentrations of tefluthrin exhibited slight
“writhing” movements in the last 10 min of the bioassay but were able to continue moving in a
directed fashion. Mean wireworm speeds were slower, and deceleration rates greater at each
concentration of tefluthrin than when wireworms were exposed to acetone alone (Table 8.1),
suggesting that tefluthrin had a considerable effect on wireworm health.

The “writhing”

movements mentioned above have also been observed in Limonius canus exposed briefly to
wheat seeds treated with tefluthrin (Chapter 5, 6).
Wireworm health was not visibly affected in any of the imidacloprid, thiamethoxam,
clothianidin, fipronil, or chlorpyrifos treatments.

8.4.3 Longer-range repellency

8.4.3.1 Insecticides dissolved in water

There was no significant difference (P > 0.05) in the mean proportion of time wireworms
spent in Qi and Qo when exposed to water (without vacuum), clothianidin (water), thiamethoxam
(water, 0.1 and 1%), and fipronil (water) (Table 8.1), indicating that at these concentrations these
compounds did not elicit longer-range repellency.
Wireworms exposed to thiamethoxam (water) at 10% and fipronil (water) at 1 and 10%
spent significantly more time in Qi than Qo (t = 3.72, P = 0.0006; t = 2.65, P = 0.01; t = 2.67, P =
0.01, respectively; Table 8.1) as wireworms were temporarily arrested at the drop before
continuing. Wireworms exposed to water with vacuum spent a greater proportion of time in Qi
than Qo (t = 3.37, P = 0.003; Table 8.1), and significantly more time in Qi than wireworms exposed
to water without vacuum (t = 2.55, P = 0.02; Table 8.1) due to brief arrestment under the site of
aspiration (see above).
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While there was no evidence of longer-range repellency when wireworms were exposed to
chlorpyrifos at 1 or 10%, wireworms spent significantly less time in Qi than Qo when exposed to
chlorpyrifos at 0.1% (t = 2.87, P = 0.007; Table 8.1), suggesting longer-range repellency that
decreased as the concentration increased.

Considering the high vapour pressure (VP) of

-3

chlorpyrifos (2.5 x 10 Pa at 20°C, Miller 2006), it is possible that the bioassay arena became
saturated with chlorpyrifos volatiles when inoculated with higher concentrations.
While the mean proportion of time wireworms spent in Qi differed significantly among
treatments according to ANOVA (F = 1.86, df = 16,323, P = 0.03), indicating that one or more
insecticide elicited at least some longer-range repellency, no significant differences between
treatments were detected by the REGW procedure (Table 8.1). There was no difference in the
mean proportion of time wireworms spent in Qo among insecticides dissolved in water (P > 0.05).

8.4.3.2 Insecticides dissolved in acetone

Comparison of the mean proportion of time wireworms spent in Qi and Qo among
insecticides dissolved in acetone both indicate that some chemicals induced longer-range
repellency (F = 3.30, df = 10,209, P = 0.0005; F = 2.91, df = 10,209, P = 0.002, respectively; Table
8.1).
Wireworms spent significantly more time in Qo than Qi when exposed to acetone (no delay)
(t = 4.41, P = 0.0003), but more time in Qi than Qo when exposed to acetone (vacuum) (t = 3.42, P
= 0.003), indicating that acetone elicited longer-range repellency and that application of vacuum
4

removed acetone volatiles. Acetone has a very high VP (2.42 x 10 Pa at 20°C; Miller 2006) and
volatilizes easily at room temperature. Preliminary observations indicated that acetone volatiles
disappeared completely within 2 min of drop placement if the bioassay lid was removed (data not
shown, see below). When wireworm entry was delayed 2 min, there was no significant difference
in the mean proportion of time spent in Qi and Qo (P > 0.05; Table 8.1) indicating that allowing the
acetone volatiles to dissipate for 2 min (during which time the bioassay lid was not on) eliminated
longer-range repellency. Together these results indicate that acetone is a suitable solvent if used
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with aspiration or if wireworm introduction is delayed 2 min, and that longer-range repellency
elicited by insecticides dissolved in acetone may be attributed to the insecticide if wireworm
introduction is delayed 2 min.
Comparison of the amount of time spent in Qo versus Qi suggested that there was no
longer-range repellency when wireworms were exposed to clothianidin (acetone) (Table 8.1), but
that lindane was repellent at 1% (t = 4.25, P = 0.0001; Table 8.1) and tefluthrin at 0.01, 0.1 and
1% (t = 2.32, P = 0.03; t = 4.67, P < 0.0001; t = 4.58, P < 0.0001, respectively; Table 8.1). As
wireworms exposed to lindane at 0.1% also spent considerably more time in Qo than Qi, the
longer-range repellency elicited by lindane and tefluthrin appeared to increase with concentration.
-3

-3

The high VP of both lindane and tefluthrin (5.6 x 10 , 8.0 x 10 Pa at 20°C, respectively; Miller
2006), suggests that longer-range repellency was likely caused by volatiles. Exposure to lindane
at 1% with application of vacuum eliminated longer-range repellency and caused wireworms to
spend significantly more time in Qi than Qo (t = 5.97, P < 0.0001; Table 8.1).
Comparison of the amount of time spent in Qo versus Qi also suggested some longer-range
repellency when wireworms were exposed to imidacloprid (acetone) at 0.1% (t = 3.06, P = 0.004)
and fipronil (acetone) at 1% (t = 4.30, P = 0.0001; Table 8.1). Wireworms also spent more time in
Qo than Qi when exposed to imidacloprid (acetone) at 1%, but this was not statistically significant
-7

-7

(P > 0.05). The relatively high VP of imidacloprid and fipronil (2.0 x 10 , 3.7 x 10 Pa at 20°C,
respectively; Miller 2006) suggests that longer-range repellency was likely caused by volatiles.
Exposure to imidacloprid at 1% with application of vacuum eliminated longer-range repellency and
caused wireworms to spend significantly more time in Qi than Qo (t = 4.58, P = 0.0002; Table 8.1).
The greater longer-range repellency elicited by insecticides dissolved in acetone than water
(Table 8.1) likely results from acetone’s rate of evaporation. Droplets of insecticides dissolved in
acetone were observed to evaporate completely within 2 min of inoculation, whereas droplets of
water persisted considerably longer.

As a result, chemicals dissolved in water remained in

solution longer and would have volatilized more gradually.

While the slight repellency of

imidacloprid or fipronil suggests that at higher concentrations the chemical may be repellent to
wireworms in the field, the amount of time wireworms spent in Qi in the imidacloprid and fipronil
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(acetone) treatments was not significantly different from that spent in the control (acetone)
treatment (Table 8.1).

8.4.4 Shorter-range repellency

8.4.4.1 Insecticides dissolved in water

Mean wireworm speeds were similar among water-based treatments and the number of
times wireworms approached or were repelled at Co did not differ significantly among treatments
(P > 0.05; Table 8.2). However, the number of times wireworms approached and were repelled at
Ci did differ significantly among treatments (F = 2.20, df = 16,323, P = 0.005; F = 9.13, df =
16,323, P < 0.0001, respectively; Table 8.2), indicating that some insecticides dissolved in water
elicited shorter-range repellency.
There was no significant difference (P > 0.05) in the number of times wireworms
approached, or were repelled at Ci and Co in 20 min when exposed to water alone (Table 8.1).
Application of vacuum did not significantly affect (P > 0.05) the number of times wireworms
approached, or were repelled at Ci between water with or without vacuum treatments (Table 8.1).
Similarly, when exposed to water (vacuum), there was no significant difference (P > 0.05) in the
number of times wireworms approached, or were repelled at Ci and Co (Table 8.2). Together
these results suggest that the water droplet and the application of vacuum did not elicit repellency
by themselves and that differences among water-based treatments may therefore be ascribed to
the insecticides.
There was no significant difference (P > 0.05) in the number of times wireworms
approached Ci or Co, and no evidence of shorter-range repellency when wireworms were exposed
to clothianidin (water) at 0.1, 1, and 10% (WRS = -3, -2, 4, respectively), fipronil (water) at 0.1 and
1% (WRS = 2, 3, respectively), thiamethoxam (water) at 0.1 and 1% (WRS = 3, -1, respectively),
imidacloprid at 0.01, 0.1, and 1% (WRS = 1, 5, 8, respectively), and chlorpyrifos at 0.1% (WRS =
5) (Table 8.2). However, slight to moderate repellency was observed when wireworms were
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exposed to thiamethoxam (water) at 10% (t = 4.24, P = 0.0001; WRS = 13; Table 8.2), fipronil
(water) at 10% (t = 2.56, P = 0.01; WRS = 15; Table 8.2), imidacloprid (water) at 10% (t = 5.11, P
< 0.0001; WRS = 30; Table 8.2), and chlorpyrifos (water) at 1% (t = 3.23, P = 0.003; WRS = 21)
and 10% (t = 6.16, P < 0.0001; WRS = 48; Table 8.2). Wireworms approached Ci inoculated with
thiamethoxam (water) at 10% more often than the respective Co (t = 2.27, P = 0.03; Table 8.2).
Shorter-range repellency to chlorpyrifos increased with concentration, as the proportion of
repellent events at Ci (but not at Co) increased significantly with concentration (Table 8.2). While
shorter-range repellency was mainly (proportion > 0.50) after contact (i.e., within 1.5 cm of Ci), the
proportion repelled before contact increased from 0.22 to 0.43 when the dose of chlorpyrifos was
increased from 1 to 10%. These results suggest that wireworm movement is affected and some
repellency is elicited upon contact with thiamethoxam, fipronil, and imidacloprid dissolved in water
at 10%, and upon contact with chlorpyrifos at both 1 and 10%.

8.4.4.2 Insecticides dissolved in acetone

Comparison of the number of approaches to, and repellent events at Ci both reflect that
wireworm behaviour was affected by some insecticides (F = 25.82, df = 10,209, P < 0.0001; F =
10.61, df = 10,209, P < 0.0001, respectively; Table 8.2). There was no significant difference (P >
0.05) in the mean number of times wireworms approached Ci between the acetone (no delay) and
acetone (vacuum) treatments, or between the number of times wireworms approached Ci and Co
in either treatment (Table 8.2). Wireworms were repelled significantly more at Ci than at Co (t =
5.79, P < 0.0001) when exposed to acetone (no delay), but not when exposed to acetone
(vacuum) (P > 0.05). This indicates that acetone also elicited shorter-range repellency (acetone
(no delay): WRS = 57) and that aspiration of volatiles eliminated shorter-range repellency
(acetone (vacuum): WRS = 2).

Approximately half (0.52) of shorter-range repellency events

occurred before contact (i.e., > 1.5 cm from Ci), again suggesting that acetone volatiles were at
least partially responsible for the repellency. The shock response was seen when wireworms
contacted Ci in the acetone (no delay) treatment, but not in the acetone (vacuum) treatment.
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There was also no significant difference (P > 0.05) in the number of approaches to, or
repellent events at Ci and Co (Table 8.2), indicating that the 2 min delay also eliminated shorterrange repellency (WRS = 2; Table 8.2).

There was no evidence of shock response or of

wireworm morbidity in the acetone (delayed) treatment. This suggests that acetone is a suitable
solvent if used with aspiration or if wireworm introduction is delayed 2 min, and that shorter-range
repellency elicited by insecticides dissolved in acetone may be attributed to the insecticide if
wireworm introduction is delayed 2 min.
There was no significant difference (P > 0.05) in the number of times wireworms
approached Ci or Co when exposed to thiamethoxam (acetone), clothianidin (acetone), fipronil
(acetone), lindane (acetone), and imidacloprid (acetone) (with or without vacuum) (Table 8.2).
However, slight shorter-range repellency was elicited when wireworms were exposed to
thiamethoxam (acetone) at 1% (t = 2.71, P = 0.01; WRS = 8; Table 8.2), fipronil (acetone) at 1% (t
= 2.72, P = 0.01; WRS = 10; Table 8.2), and imidacloprid (acetone) at 0.1% (t = 2.79, P = 0.008;
WRS = 13; Table 8.2) and 1% (t = 4 .05, P = 0.0002; WRS = 24; Table 8.2). Moderate shorterrange repellency was elicited when wireworms were exposed to lindane (acetone) at 0.1% (t =
7.55, P < 0.0001; WRS = 54) and 1% (t = 4.57, P < 0.0001; WRS = 42; Table 8.2). While the
WRS was higher at 0.1 than 1%, the incidence of repellency at Ci or at Co did not differ
significantly (P > 0.05) between these concentrations (Table 8.2), suggesting that shorter-range
repellency was similar at both concentrations and that a proportion of A. obscurus may not be
repelled by lindane.

If so, the maximum repellency to lindane may have occurred at 0.1%.

Repellency was mainly after contact, the proportion of repellent events before contact increased
slightly from 0.13 to 0.23 when the dose of lindane was increased from 0.1 to 1%, again indicating
that there was little difference in shorter-range repellency between concentrations. Unlike the
acetone treatment, repelled wireworms did not display the shock response upon contact.
Application of vacuum eliminated shorter-range repellency in the imidacloprid (acetone) at
1% (t = 2.65, P = 0.01; WRS = 5; Table 8.2) but not in the lindane (acetone) at 1% (t = 4.84, P <
0.0001; WRS = 6; Table 8.2), suggesting that lindane is repellent to wireworms both through
volatiles (longer-range repellency that can be eliminated by application of vacuum) and upon
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contact.

As the incidence of repellency at Ci did not differ significantly (P > 0.05) between

thiamethoxam (acetone), fipronil (acetone), imidacloprid (acetone), and the control (acetone)
treatments (Table 8.2), the slightly higher repellency of these insecticides when dissolved in
acetone instead water is likely due to the rate of evaporation of the carrier solvents (see above).
Exposure to clothianidin (acetone) at 1% elicited no shorter-range repellency.
Wireworms approached Ci significantly less than Co (P < 0.05) when exposed to tefluthrin
(acetone) than all other acetone-based insecticides (Table 8.2), but for each concentration there
was no significant difference (P > 0.05) in the number of times wireworms approached Ci versus
Co (Table 8.2). Shorter-range repellency was elicited at all concentrations of tefluthrin tested, with
repellency increasing with concentration: 0.01% (t = 2.70, P = 0.01; WRS = 25), 0.1% (t = 3.08, P
= 0.004; WRS = 32), 1% (t = 4.84, P < 0.0001; WRS = 49) (Table 8.2). Most shorter-range
repellency was after contact, the proportion of repellent events before contact increasing from
0.27 to 0.49 when the dose of tefluthrin was increased from 0.01 to 0.1%, further indicating a dose
response. Repelled wireworms often displayed the shock response upon contacting the droplet.

8.4.5 Change in repellency over time

Both longer-range and shorter-range repellency appeared to increase over time in
bioassays with tefluthrin, chlorpyrifos and lindane.

Comparison of longer-range repellency

between the first and second 5 min observation intervals indicates that longer-range repellency
increased over time in the tefluthrin and lindane treatments (Fig. 8.2).

Wireworms spent

numerically more time in Qi than Qo in period 1, but more time in Qo than Qi in period 2 in all
lindane and tefluthrin treatments (Fig. 8.2).

While there was no significant difference in the

amount of time wireworms spent in Qi and Qo in any of the lindane or tefluthrin treatments during
period 1, there was a significant difference between the amount of time spent in the two quadrants
in lindane 1% and tefluthrin 0.1 and 1% treatments during period 2 (t = 2.74, P = 0.009; t = 2.27, P
= 0.03; t = 2.02, P = 0.05; respectively; Fig. 8.2). In addition, there was a significant difference in
the amount of time wireworms spent in Qi between period 1 and period 2 in the tefluthrin 0.1%
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and lindane 0.1% treatments (t = 2.47, P = 0.02; t = 2.42, P = 0.02, respectively). These results
suggest that wireworms increasingly avoided Qi over the course of the observation period in these
treatments.
Comparison of shorter-range repellency in chlorpyrifos and lindane treatments between all
four 5 min periods indicates a numerical increase in repellency over time in all treatments except
for lindane at 0.1% (Fig. 8.3). While this suggests that the wireworms were increasingly avoiding
Ci over the course of the observational period in these treatments, the proportion of repellent
events per 5 min period were not significantly different from each other (Tukey-Kramer test, P >
0.05; Fig. 8.3). Similarly, regression of the proportion of repellent events in each of the 5 min
periods indicated a significant linear increase in repellent events over time in the chlorpyrifos 10%
2

treatment alone (P = 0.007, R = 0.98).
Comparison of shorter-range repellency in tefluthrin between the first and second periods in
tefluthrin treatments indicated that wireworms exposed to tefluthrin at 0.01 and 0.1% were
repelled significantly more often during period 2 than during period 1 (t = 3.30, P = 0.003; t = 3.79,
P = 0.0008, respectively; Fig. 8.3). Comparisons between all four periods could not be done due
to the onset of morbidity symptoms during the last 10 min of the observation, discussed above.
Virtually all wireworms that demonstrated shorter-range repellency in the lindane, tefluthrin
and chlorpyrifos treatments continued through Ci upon the first and second approach (data not
shown). As it is unlikely that the chemicals elicited more repellency over time, the apparent
increase in repellent behaviour over the course of the observational period may reflect a
behavioural change (e.g., aversion learning).

8.4.6 Evaluation of bioassay

The findings presented herein suggest that this bioassay can be used to observe and
quantify the repellency of synthetic insecticides to A. obscurus, and can be used to distinguish
between volatile repellency (i.e., longer-range, shorter-range before contact) and non-volatile (i.e.,
shorter-range after contact) repellency. The relative repellency of chemicals can be compared
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both by comparing the WRS of each chemical and by comparing the amount of longer-range
repellency. Both water and acetone were found to be acceptable carrier solvents, provided that a
2 min post-inoculation delay in enclosing the bioassay apparatus was observed for acetone.
Lindane and tefluthrin (both at 0.1 – 1% in acetone), and chlorpyrifos and imidacloprid (both at
10% in water) are examples of chemicals that elicit moderate, and slight repellency (respectively),
and that can be used to compare the repellency elicited by other chemicals.
Application of vacuum can be used to determine if volatiles released by a chemical elicit
repellency, but may interfere with wireworm movement and confound WRS calculations. Analysis
of wireworm speeds and the relative number of approaches to the cells containing the chemical
and the control can be used to determine if a chemical has an effect on wireworm health. Finally,
repeated contacts with the same chemical in the bioassay arena permits this bioassay to be used
for measuring changes in repellent behaviour over time.

8.4.7 Implications of repellency to insecticides

Repellency to insecticides may be an important mechanism for developing tolerance and/or
resistance to insecticides, particularly as aversion learning may be induced by irritants or illnessinducing substances (Dethier 1980, 1988; Lee and Bernays 1988), including insecticides that elicit
repellency (Prokopy and Lewis 1993). Learned avoidance of insecticides was first observed in the
German cockroach, Blattella germanica (Ebeling et al. 1966) and is now considered to be a
common and important resistance mechanism (Lockwood et al. 1984, Bernays and Chapman
1987, Sparks et al. 1989). Since learning is a behavioural change resulting from experience
(Dukas 1998), the increase in both longer- and shorter-range repellency (discussed above) over
the course of the observation in chlorpyrifos, lindane and tefluthrin treatments suggests that A.
obscurus may be capable of aversion learning. Learning to avoid a potentially toxic compound in
the soil would be particularly beneficial for an omnivorous, long-lived soil insect that is likely to reencounter toxic or repellent substances (A. obscurus lives for 4 years as a larvae).
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The insecticides tested in this bioassay are commonly used to protect potato and wheat
seed treatments from wireworm damage (Parker and Howard 2001, Kuhar et al. 2003). The
repellency of A. obscurus to 20 µl droplets of 0.01% tefluthrin and 0.1% lindane (2, 20 µg AI,
respectively) suggests that wireworms may be able to avoid wheat seeds treated with these
insecticides, potentially reducing their effectiveness for wireworm control.

For example,

placement of 2 µg AI tefluthrin per seed on wheat (cv. AC Superb; approx. seed weight: 40 – 50
mg) is equivalent to 4 – 5 g AI/100 kg seed, well below the 10 g AI application rate used in
insecticide efficacy field studies conducted by the authors (R.S.V., unpublished data). Recent
laboratory work confirms that wheat seeds treated with tefluthrin at 10 g AI/100 kg seed elicits
repellency in both A. obscurus and L. canus larvae after contact in soil bioassays (Chapter 9). In
addition, field trials conducted with wheat seeds treated with tefluthrin at 10 g AI/100 kg seed did
not cause a significant reduction in the wireworm populations (R.S.V., unpublished data). The
high concentrations of chlorpyrifos and imidacloprid required to elicit repellency are considerably
higher than the concentrations that would be applied to wheat seeds in the field, and no repellency
has been observed when A. obscurus and L. canus larvae were exposed to wheat seeds treated
with imidacloprid at 10 – 30 g AI/100 kg in laboratory studies (Chapter 10).
While repellency to an insecticide may confer temporary protection to plants and allow for
stand establishment, wireworms initially repelled by an insecticide may cause crop damage later
in the season (e.g., to daughter tubers in potato crops). The repellent behaviours observed in the
above bioassay underscore the importance of observing the direct effects of novel insecticides on
wireworms. Chemicals identified as eliciting repellency should be further tested in soil bioassays
on a host plant (i.e., germinating wheat seeds) to determine if the attractive cues of host plants
(i.e., CO2) (Doane et al. 1975) dominate repellent stimuli.
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8.7 Tables and figures

Table 8.1 Mean (SEM) speed, rate of deceleration, and longer-range repellency of A. obscurus
during 20 min exposure to insecticides dissolved in water and acetone. Longer-range repellency
is measured as the mean (SEM) proportion of the observation period spent in the quadrant with
chemical (Qi) versus the control quadrant (Qo). Vac = vacuum applied. Wireworm entry was
delayed 2 min when solvent was acetone unless indicated as “nd”. ANOVA was conducted
separately for chemicals dissolved in water and acetone. Means within a column followed by the
same letter are not significantly different (P < 0.05; REGW procedure). Comparisons between Qi
and Qo made with paired-sample t-tests. *: P < 0.05; **: P < 0.01; ***: P < 0.0001.

(table appears on the following page)
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Table 8.1

Chemical

Conc.
(%)

Wireworm
N

speed

Deceleration rate
2

(cm/min )

(cm/min)

Longer-range repellency
Qi

Qo

Solvent = Water
Water

-

20

17.8 (1.14) a

0.18 (0.09) a

0.24 (0.01) a

0.25 (0.01) a

Imidacloprid

0.01

20

15.6 (1.13) a

-0.03 (0.09) a

0.25 (0.01) a

0.26 (0.02) a

Imidacloprid

0.1

20

13.4 (1.38) a

0.18 (0.08) a

0.25 (0.02) a

0.28 (0.02) a

Imidacloprid

1.0

20

16.3 (1.39) a

0.33 (0.08) a

0.27 (0.01) a

0.26 (0.01) a

Imidacloprid

10.0

20

14.9 (1.11) a

0.23 (0.06) a

0.23 (0.01) a

0.25 (0.01) a

Clothianidin

0.1

20

17.4 (1.25) a

0.18 (0.06) a

0.25 (0.01) a

0.25 (0.01) a

Clothianidin

1.0

20

18.0 (1.33) a

0.33 (0.07) a

0.26 (0.02) a

0.24 (0.01) a

Clothianidin

10.0

20

15.7 (1.87) a

0.11 (0.08) a

0.25 (0.01) a

0.26 (0.02) a

Thiamethoxam

0.1

20

16.9 (1.28) a

0.07 (0.07) a

0.26 (0.01) a

0.26 (0.01) a

Thiamethoxam

1.0

20

19.0 (1.30) a

0.07 (0.07) a

0.26 (0.01) a

0.25 (0.01) a

Thiamethoxam

10

20

16.5 (1.02) a

0.17 (0.08) a

0.28 (0.01) a

0.23 (0.01) a **

Fipronil

0.1

20

17.8 (0.91) a

-0.05 (0.08) a

0.26 (0.01) a

0.27 (0.01) a

Fipronil

1.0

20

18.0 (1.10) a

0.17 (0.10) a

0.29 (0.02) a

0.23 (0.01) a *

Fipronil

10.0

20

14.8 (1.16) a

0.02 (0.08) a

0.27 (0.01) a

0.23 (0.01) a *

Chlorpyrifos

0.1

20

18.4 (1.27) a

0.16 (0.08) a

0.23 (0.01) a

0.29 (0.02) a *

Chlorpyrifos

1.0

20

16.6 (0.79) a

0.23 (0.07) a

0.29 (0.02) a

0.26 (0.01) a

Chlorpyrifos

10.0

20

16.5 (1.14) a

0.27 (0.09) a

0.25 (0.02) a

0.26 (0.01) a
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Table 8.1, continued
Conc.

Chemical

(%)

Wireworm
N

speed

Deceleration rate
2

(cm/min)

(cm/min )

Longer-range repellency
Qi

Qo

Solvent = Acetone
Acetone

-

20

20.0 (1.17) a

0.15 (0.08) abc

0.24 (0.01) a

0.26 (0.01) b

Imidacloprid

0.1

20

18.7 (1.16) a

0.12 (0.08) ab

0.23 (0.01) ab

0.28 (0.01) b *

Imidacloprid

1.0

20

17.9 (1.45) a

0.09 (0.06) a

0.23 (0.02) ab

0.27 (0.02) b

Clothianidin

1.0

20

21.1 (1.27) a

0.20 (0.07) abc

0.23 (0.02) ab

0.26 (0.01) b

Thiamethoxam

1.0

20

21.3 (0.98) a

0.15 (0.10) abc

0.24 (0.01) a

0.26 (0.01) b

Fipronil

1.0

20

21.0 (1.13) a

0.26 (0.09) abcd

0.22 (0.01)
abc

0.28 (0.01) b **

Lindane

0.1

20

19.7 (1.33) a

0.52 (0.09) bcde

0.23 (0.02) ab

0.27 (0.02) b

Lindane

1.0

20

20.2 (1.46) a

0.43 (0.09) abcde

0.20 (0.01)
abc

0.28 (0.01) b **

Tefluthrin

0.01

20

9.9 (0.44) b

0.74 (0.10) e

0.19 (0.05)
abc

0.39 (0.06) a

Tefluthrin

0.1

20

12.6 (0.76) b

0.63 (0.11) de

0.13 (0.02) bc

0.35 (0.04) ab
***

Tefluthrin

1.0

20

13.2 (0.78) b

0.54 (0.09) cde

0.13 (0.01) c

0.32 (0.04) ab
***

Additional treatments
Water vac

-

10

17.9 (1.86)

0.16 (0.14)

0.29 (0.02)

0.23 (0.01) *

Acetone nd

-

10

18.7 (1.79)

0.36 (0.13)

0.18 (0.02)

0.34 (0.03) **

Acetone vac

-

10

18.8 (2.45)

-0.01 (0.11)

0.29 (0.02)

0.22 (0.02) **

1.0

10

25.2 (2.11)

0.02 (0.09)

0.31 (0.01)

0.23 (0.01) ***

1.0

20

25.1 (1.39)

0.26 (0.10)

0.29 (0.01)

0.23 (0.01) ***

Imidacloprid
vac
1

1

Lindane vac

1

in acetone
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Table 8.2 Mean (SEM) number of times wireworms approached, and mean (SEM) proportion
of repellent events upon approach to cells containing insecticides (Ci) dissolved in water or
acetone versus untreated cells (Co). WRS = Wireworm Repellency Score, measured as the
mean proportion of repellent behaviours when approaching Ci minus the proportion of such
behaviours when approaching Co, multiplied by 100. Vac = vacuum applied. Wireworm entry was
delayed 2 min in acetone treatments unless indicated as “nd”. ANOVA was conducted separately
for chemicals dissolved in water and acetone. Means within a column followed by the same letter
are not significantly different (P < 0.05; REGW procedure). Comparisons between approaches to,
and proportion of repellent events at Ci and Co made with paired-sample t-tests. *: P < 0.05; **: P
< 0.01; ***: P < 0.0001.

(table appears on the following page)
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Table 8.2

Chemical

Conc.
(%)

N

Number of approaches to

Proportion of repellent events

treated or control cells

(Shorter-range repellency)

Ci

Co

Ci

Co

WRS

Solvent = Water
Water

-

20

8.6 (0.58) ab

8.7 (0.89) a

0.01 (0.02) a

0.00 (0.00) a

1

Imidacloprid

0.01

20

7.5 (0.71) ab

7.8 (0.88) a

0.08 (0.03) abc

0.07 (0.04) a

1

Imidacloprid

0.1

20

5.8 (0.88) b

6.5 (0.91) a

0.16 (0.07) abc

0.11 (0.06) a

5

Imidacloprid

1.0

20

8.1 (0.84) ab

7.7 (0.82) a

0.15 (0.06) abc

0.07 (0.02) a

8

Imidacloprid

10.0

20

7.5 (0.68) ab

7.5 (0.61) a

0.35 (0.06) de

0.05 (0.02) a
***

30

Clothianidin

0.1

20

8.6 (0.86) ab

8.7 (0.8) a

0.02 (0.01) ab

0.05 (0.03) a

-3

Clothianidin

1.0

20

9.7 (0.76) a

9.0 (0.82) a

0.03 (0.01) ab

0.05 (0.02) a

-2

Clothianidin

10.0

20

7.9 (1.13) ab

8.3 (1.08) a

0.08 (0.03) abc

0.04 (0.02) a

4

Thiamethoxam

0.1

20

8.2 (0.69) ab

7.3 (0.87) a

0.05 (0.02) ab

0.02 (0.01) a

3

Thiamethoxam

1.0

20

9.8 (0.89) a

9.8 (0.84) a

0.03 (0.02) ab

0.04 (0.02) a

-1

Thiamethoxam

10

20

9.1 (0.61) a

7.2 (0.57) a *

0.13 (0.04) abc

0.00 (0.00) a
**

13

Fipronil

0.1

20

8.9 (0.60) a

8.6 (0.69) a

0.05 (0.02) ab

0.03 (0.01) a

2

Fipronil

1.0

20

9.2 (0.70) a

8.6 (0.76) a

0.05 (0.02) ab

0.02 (0.01) a

3

Fipronil

10.0

20

7.2 (0.63) ab

7.2 (0.68) a

0.20 (0.06) bcd

0.05 (0.02) a
*

15

Chlorpyrifos

0.1

20

9.2 (0.72) a

9.3 (0.67) a

0.06 (0.03) ab

0.01 (0.01) a

5

Chlorpyrifos

1.0

20

8.9 (0.54) a

8.5 (0.49) a

0.27 (0.06) cd

0.06 (0.03) a
**

21

Chlorpyrifos

10.0

20

8.7 (0.76) ab

8.1 (0.72) a

0.50 (0.08) e

0.02 (0.01) a
***

48
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Table 8.2, continued
Conc.

Chemical

(%)

N

Number of approaches to

Proportion of repellent events

treated or control cells

(Shorter-range repellency)

Ci

Co

Ci

Co

WRS

Solvent = Acetone
Acetone

-

20

10.5 (0.76) a

10.2 (0.81) a

0.03 (0.01) a

0.01 (0.01) a

2

Imidacloprid

0.1

20

9.4 (0.69) a

9.5 (0.78) a

0.15 (0.05) ab

0.02 (0.01) a
*

13

Imidacloprid

1.0

20

9.2 (1.02) a

9.0 (0.81) a

0.27 (0.06) abc

0.03 (0.01) a
***

24

Clothianidin

1.0

20

9.8 (0.97) a

10.4 (0.98) a

0.09 (0.03) ab

0.06 (0.05) a

3

Thiamethoxam

1.0

20

11.0 (0.70) a

11.1 (0.65) a

0.09 (0.03) ab

0.01 (0.01) a
*

8

Fipronil

1.0

20

10.5 (0.81) a

10.2 (0.77) a

0.14 (0.03) ab

0.04 (0.02) a
*

10

Lindane

0.1

20

10.8 (0.66) a

10.7 (0.62) a

0.63 (0.07) e

0.09 (0.02) a
***

54

Lindane

1.0

20

10.1 (0.86) a

10.9 (0.95) a

0.50 (0.08) cde

0.08 (0.02) a
***

42

Tefluthrin

0.01

20

2.8 (0.17) b

3.0 (0.28) c

0.33 (0.09) bcd

0.08 (0.03) a
*

25

Tefluthrin

0.1

20

3.5 (0.38) b

3.8 (0.53) bc

0.47 (0.08) cde

0.15 (0.06) a
**

32

Tefluthrin

1.0

20

3.8 (0.44) b

5.4 (0.68) b

0.57 (0.09) de

0.08 (0.04) a
**

49

Additional treatments
Water vac

-

10

9.4 (1.00)

7.6 (1.19)

0.02 (0.02)

0.01 (0.01)

1

Acetone nd

-

10

9.3 (1.08)

10.5 (1.26)

0.59 (0.09)

0.02 (0.01)
**

57

Acetone vac

-

10

9.3 (1.57)

8.4 (1.83)

0.03 (0.03)

0.01 (0.01)

2

1.0

10

14.2 (1.37)

13.3 (1.29)

0.05 (0.03)

0.00 (0.00)

5

1.0

20

14.1 (0.77)

13.8 (0.79)

0.07 (0.02)

0.01 (0.01)
**

6

Imidacloprid
vac
1

1

Lindane vac

1

in acetone
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Figure 8.1 (A) Bioassay arena (top view), showing the wireworm entry hole (cell 1), the hole for
a vacuum tube attachment (cell 89), and the spread of 20 µl drop of blue dye (cell 96). (B) Partial
track of wireworms exposed to tefluthrin (1.0% in acetone) after 2 min delay.

A droplet of

tefluthrin was placed in Ci; Co is the control cell. Note the edge effect and the repellency near Ci.
A.

B.

Ci

Co
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Figure 8.2 Longer-range repellent behaviour in A. obscurus exposed to lindane and tefluthrin at
various concentrations (% AI): Mean proportion of time spent in quadrant with chemical, Qi, and
control quadrant, Qo, during two consecutive 5 min time intervals (I, II). Significant differences
between Qi and respective Qo at P < 0.05 denoted with *. Significant differences in Qi between
periods at P < 0.05 denoted with **.
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I
II
Tefluthrin 0.1

I
II
Tefluthrin 1.0

Figure 8.3 Incidence of shorter-range repellency (proportion of backing and turning events
upon approach to Ci) during four consecutive 5 min time intervals in A. obscurus exposed to
lindane, chlorpyrifos, and tefluthrin. Proportions compared separately per treatment with TukeyKramer’s test. Only two time periods are shown for tefluthrin treatments due to the onset of
morbidity in wireworms towards the end of the observation period (see text).
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Tefluthrin 0.1

Tefluthrin 1.0

CHAPTER 9: Soil bioassay for studying behavioural responses of
wireworms to insecticide-treated wheat seed

This chapter was published as:

van Herk, W. G., and R. S. Vernon. 2007. Soil bioassay for studying behavioral responses of
wireworms (Coleoptera: Elateridae) to insecticide-treated wheat seed. Environmental Entomology
36: 1441-1449.

Figure 9.2 does not appear in the original paper.
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9.1 Abstract

A bioassay for observing wireworm behaviour in soil is described. The bioassay permits
analyses of orientation, feeding, repellency, and post-contact toxicity behaviours of wireworms in
response to insecticide-treated wheat seeds. Wireworm positions are recorded every 5 min for 3
h and the time required to orient to and contact seeds, and the duration of individual feeding
events calculated. Both avoidance (before contact with seeds) and repellency (after contact) are
quantified.

A high proportion of Agriotes obscurus/lineatus (0.95), Limonius canus (1.00),

Ctenicera pruinina (0.80), Melanotus communis/dietrichi (0.80) and Hypolithus sp. (0.70) larvae
contacted untreated wheat seeds and began feeding within 120 min when seeds were preincubated for 60 min in soil with 20% moisture. A smaller proportion of A. obscurus contacted
seeds if seeds were not incubated in the bioassay prior to wireworm introduction (0.80), or in soil
with 10% moisture (0.65). Limonius canus larvae required a significantly shorter time (25.3 min)
to contact seeds if seeds were incubated for 60 min than if seeds were not incubated prior to
wireworm introduction (43.1 min). Wireworms exposed to untreated seeds and seeds treated with
the fungicide Dividend XLRTA fed normally (i.e., sustained feeding for at least 60 min), but a
significant proportion of wireworms exposed to seeds treated with Tefluthrin 20CS (containing the
synthetic pyrethroid tefluthrin) fed for 15 min or less and were subsequently repelled. Wireworms
exposed to Vitavax Dual (containing the organochlorine lindane) were not repelled after feeding,
and showed symptoms of illness for up to 28 d before making a full recovery (89%) or dying
(11%).
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9.2 Introduction

Wireworms are an increasing concern for many horticultural crops in North America (Grove
et al. 2000, Parker and Howard 2001). The dusky wireworm, Agriotes obscurus L., and the lined
click beetle, A. lineatus L., have become serious pests of vegetable, small fruit, forage and
ornamental crops in British Columbia (BC) (Vernon and Pats 1997), and recently have been found
in Washington (Vernon et al. 2001) and Oregon (LaGasa et al. 2006). Outbreaks of the Great
Basin wireworm, Ctenicera pruinina (Horn), and the Pacific Coast wireworm, Limonius canus
LeConte, also have been reported for several crops in the Pacific Northwest (Horton and Landolt
2002). The increase in wireworm problems is attributed, at least in part, to the loss of insecticides
formerly used for their control (Vernon et al. 2001, Horton and Landolt 2002). The initial removal
of the persistent organochlorines, followed by more recent loss of the higher risk organophosphate and carbamate insecticides, has left many crops without acceptable wireworm control
options. Synthetic pyrethroid (e.g., tefluthrin), chloronicotinoid (e.g., imidacloprid), thianicotinoid
(e.g., clothianidin) and phenyl pyrazole (e.g., fipronil) insecticides now have become the
cornerstone of wireworm control programmes, and purportedly give economically-acceptable
control (Maienfisch et al. 2001).
All assessments of currently-used insecticides for wireworms have been based on
observations of crop stand protection and yield (i.e., cereal and forage crops), and/or cosmetic
crop damage (e.g., potato) rather than on direct measurements of wireworm populations in the
field (Chapter 2, 3). Thus, we have no information on the mechanisms of crop protection, i.e.,
whether the insecticide has lethal, intoxicant and/or repellent effects on wireworms. Moreover, not
all wireworm species may respond to an insecticide in the same manner (Lange et al. 1949).
Moreover, little is known about the sublethal effects of insecticides on wireworms. Recent
work in our lab has indicated that exposure to sublethal concentrations of neonicotinoid, synthetic
pyrethroid, or phenyl pyrazole insecticides may cause prolonged periods of morbidity (> 150 d),
characterized by the loss of coordination and an inability to feed, after which wireworms can make
a full recovery. This morbidity has been observed in A. obscurus, the common click beetle, A.
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sputator L., L. canus, Ctenicera pruinina and the prairie grain wireworm, C. destructor (Brown)
(Chapter 2, 3). Additional studies suggest that reductions in wireworm (A. obscurus) damage to
wheat and potato crops treated with neonicotinoid insecticides are due to long term morbidity
rather than mortality, since populations in treated plots sometimes recover to pre-treatment levels
post-harvest (R.S.V., unpublished data). Avoidance of an insecticide to wireworms might also
provide crop protection by preventing wireworm access to crops during establishment. This is
more particularly the case with crops that are vulnerable during germination (i.e., cereals and
forages) than crops requiring later season protection (e.g., potato). Some wireworm species are
known to be repelled by arsenic (Lehman 1933), terbufos (Belcher 1987), chlordane, chlorpyrifos,
and fonofos (Missionnier and Brunel 1979; Horne and Horne 1991) and lindane (Long and Lilly
1958, Toba et al. 1988). From these observations it is apparent that repellency (i.e., oriented
movement away from a stimulus, Dethier et al. 1960), and long and short term sub-lethal and
lethal effects of novel or traditional insecticides on wireworm populations are important in the
design of knowledge-based resistance and integrated pest management programs.
To quantify behavioural effects of insecticides on insects a bioassay that simulates its
natural environment is needed.

Wireworm behaviour in response to insecticides has been

monitored in Petri dishes lined with moist filter paper (e.g., Chaton et al. 2003). However, such
bioassays do not represent natural conditions and furthermore are unsuitable for observing the
foraging behaviours of wireworms or for determining how wireworms respond to insecticidal
compounds in soil. To create an observation chamber that simulated natural conditions, a soilfilled bioassay arena with no large air spaces was developed. Behavioural bioassays with five
economic wireworm species were conducted under various soil moisture and seed incubation
conditions. The wireworm species tested, notably A. obscurus/lineatus, L. canus, C. pruinina,
Melanotus communis/dietrichi, and Hypolithus spp., are significant pests of potato, vegetable,
corn, and wheat crops (Vernon 2005, Horton and Landolt 2002, Riley and Keaster 1979, Glen
1950) and represent a wide range of wireworm sizes (i.e., late instar sizes: 8 – 26 mm). In a
second group of studies, A. obscurus larvae were exposed to untreated seeds, seeds treated with
the fungicide Dividend XLRTA, and with the insecticides Tefluthrin 20CS (containing the synthetic
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pyrethroid tefluthrin) and Vitavax Dual (containing the organochlorine lindane) in order to assess
the effect of these chemicals on wireworm orientation, repellency, feeding and post-contact
behaviour and wireworm health.

Previous laboratory work indicated that wireworms may be

repelled by both types of insecticides (W.G.v.H., personal observation). Methods for maintaining
wireworm cultures and assessing wireworm health are described.

9.3 Materials and methods

9.3.1 Wireworm collection, preconditioning and bioassays

Five collections of wireworm larvae were made from different regions of North America.
Ctenicera pruinina were collected in June 2004 from virgin land near Boardman, OR (45° 41’ N,
119° 50’ W). Larvae were identified using the taxonomic key developed by Glen (1950). Larvae
of A. obscurus and A. lineatus were collected in March 2005 from a fallow field in Agassiz, BC
(49° 14’ N, 121° 46’ W). Soil from this field in Agassiz was used in all bioassays; no insecticides
had been used in the field for at least 15 y.

While A. obscurus and A. lineatus are not

distinguishable in the larval stage (Becker 1956), pheromone traps deployed in this area the
following summer established that the adult population was predominantly A. obscurus (i.e., 8568
of 9377 click beetles collected). Agriotes larvae used in bioassays were at least 15 mm long and
thus 3 – 4 y old based on length criteria developed by Subklew (1934a). Larvae of L. canus were
collected in July 2005 from an organic vegetable farm in Kelowna, BC (49° 49’ N, 119° 26’ W),
and identified using the taxonomic key developed by Lanchester (1946). All L. canus were at
least 14 mm long and therefore 3 – 4 y old (Wilkinson 1963). Late instar Hypolithus spp. larvae
were collected in June 2005 near Allen, SK (51° 53’ N, 106° 04’ W), and identified using the
taxonomic key developed by Glen et al. (1943). Late instar M. communis/dietrichi larvae were
collected in September 2005 from a vegetable field near Harrow, ON (48° 01’ N, 82° 54’ W) and
identified using the taxonomic key developed by Riley and Keaster (1979). These two species
cannot be distinguished by morphological characteristics as larvae (Riley and Keaster 1979).
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Larvae were stored by species in Rubbermaid tubs filled with screened soil at 15 – 20°C
until used. Potato slices (cv. Russet Burbank) placed cut face down on the soil provided food. To
mimic natural conditions, larvae of C. pruinina were stored in a mixture of screened soil, sand,
and vermiculite (2:1:1, respectively). Soil was passed through a 3 mm × 3 mm sieve to remove
rocks and visible organic material, oven dried (70°C for 48 h), and re-hydrated to 10, 20, or 30%
moisture (by weight) 1 – 2 d before bioassays. Soil was re-screened immediately before bioassays to break up any clumps and ensure a uniform layer when soil was placed in the arena.
All wireworms used in bioassays were collected directly from the field and were visually
inspected to ensure they were healthy and active before placement with soft touch tweezers (Fine
Science Tools, Vancouver, BC) into the bioassay arena. To reduce variability, only wireworms
feeding on potato slices at the time of selection were selected for bioassays (Chapter 2, 3). To
increase their sensitivity to chemical stimuli, feeding wireworms were removed from the potato
pieces 2 – 3 d before the bioassay and held in soil in 500 ml storage containers with soil but no
food (Thorpe et al. 1947).

9.3.2 Bioassay design

Bioassay arenas were made by Simon Fraser University’s Science Technical Center
(Burnaby, BC), and consisted of three separate 30.0 × 30.0 cm sections of transparent Plexiglas

®

connected by small carriage bolts (Fig. 9.1). Both top and bottom sections were 6 mm thick while
the center section was 4.0 (± 0.1) mm thick. A 26.0 cm diameter hole was machined into the
2

center section, creating a 531 cm circular chamber which was carefully filled with an even 4 mm
layer of screened, sandy-clay loam soil. A transparent plastic grid overlaying the top section
divided the chamber into 113 equally-sized cells which were grouped into 8 concentric rings and 4
quadrants (Fig. 9.1).

Rings and cells were numbered from the center outwards with ring 1

consisting of a single cell (cell 1) touching all 4 quadrants; other cells were restricted to individual
quadrants. Cells 89, 96, 103, and 110 were the middle cells of the outermost ring (ring 8) in
quadrants I, II, III, and IV, respectively (Fig. 9.1).
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As wireworms are known to orient to germinating wheat seeds following carbon dioxide
gradients (Doane et al. 1975), five wheat seeds (cv. Superb) were placed in cell 1 with soft-touch
tweezers after the bioassay chamber was carefully filled with an even, 4 mm layer of sandy-clay
loam soil. Wheat seeds had germinated for 44 – 48 h at room temperature (RT; 21 ± 1°C) on
moist paper towel ensuring 10 – 15 mm shoot length that extended partly into ring 2 (cells 2 – 5),
prior to placement in the bioassay. Preliminary experiments determined that A. obscurus oriented
poorly to seeds germinated 24 h or less.
After seeds were placed, the top section was put in place and fastened with 8 small
carriage bolts (Fig. 9.1). Arenas were positioned horizontally on a raised wooden frame (Fig. 9.2)
to permit observations through both the top and bottom sections. Seeds were allowed to incubate
in soil in the assembled bioassay for 0 to 90 min, after which wireworms (one per arena) were
introduced into the bioassay chamber through a 5.0 mm hole in the top center of either cell 89, 96,
103, or 110 (Fig. 9.1). The wireworm introduction hole was sealed with pressure sensitive tape
(VWR International Ltd.) throughout the seed incubation and wireworm observation periods, and
opened only for wireworm insertion (< 1 min).
In the first study, conducted between September and December 2005, four different seed
incubation treatments, 0, 30, 60, or 90 min, were tested in soil with 20% moisture to see if this
affected the proportion of wireworms and the time required to contact the seeds (Table 9.2).
Twenty A. obscurus/lineatus and 20 L. canus were exposed per treatment. All wireworms were
observed for 120 min.
To determine if the moisture content of the soil affected the proportion of wireworms
orienting to the seeds and the time required to contact the seeds, A. obscurus/lineatus larvae
were exposed to seeds incubated for 60 min in soil with 10, 20, and 30% moisture (by weight)
(Table 9.2). Twenty larvae were exposed to each treatment and observed for 120 min (as above).
In addition, 10 A. obscurus/lineatus and 10 L. canus larvae were observed for 120 min in bioassay
arenas filled with 20% moisture soil but no seeds, to determine if wireworms move to cell 1 in the
absence of germinated seeds. Wireworms and soil were used once per bioassay replicate, and
arenas were washed between observations.
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To determine the effect of insecticide-treated wheat seed on the movement and feeding
behaviour of A. obscurus/lineatus, a second study was conducted in which larvae were exposed in
bioassay arenas to untreated wheat seeds (cv. Superb), seeds treated with Vitavax Dual
(containing 50 g lindane and 54 g carbathiin) at 124 g AI/100 kg, seeds treated with the fungicide
Dividend XLRTA (containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g AI/100 kg
seed, or seeds treated with Tefluthrin 20CS (tefluthrin) at 10 g AI/100 kg seed plus Dividend
XLRTA at 13 g AI/100 kg seed. Twenty to 30 larvae were (randomly) exposed per treatment. All
seed treatments were germinated for 48 h, and incubated for 60 min in soil with 20% moisture
prior to introduction of wireworm larvae.

9.3.3 Tracking wireworm movements

The location of each wireworm in the bioassay arena was recorded every 5 min for 120 min
in the preliminary multi-species test, and for 180 min in the wheat seed treatment test. A 5 min
interval was chosen as previous studies determined this is approximately the time required for
wireworms to move from one cell to the next (3 – 4 cm) through undisturbed soil in the arena
(W.G.v.H., unpublished data).

Wireworm position was based on the location of their head
®

capsule and recorded into an MS Excel spreadsheet. Up to 10 separate arenas, each with a
single wireworm, were observed on each day, with each observation of a larva in an arena taking
approx. 30 s. As larvae of some wireworm species are negatively phototrophic to white light
(Subklew 1934b, Falconer 1945), all observations were conducted under low intensity red light
(0.75 µE s

-1

-2

m , measured with a Li-188B integrating quantum radiometer/photometer; Li-Cor,
-1

-2

Lincoln, NB). In addition, the behaviour under regular laboratory light (intensity: 11.57 µE s m )
was observed for 20 A. obscurus/lineatus and 20 L. canus to wheat seed incubated for 60 min in
20% soil moisture for comparison with behaviour of these species under red light conditions and
the same seed incubation and soil moisture conditions.
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9.3.4 Movement and behaviour

Wireworms were considered to have ‘oriented’ towards the seeds when they entered ring 4
(= 5 cm or less from seeds), and to have ‘contacted’ the seeds when they entered ring 2 (where
germinated roots often penetrated).

Wireworms were considered to be feeding when their

mouthparts were in contact with the seeds.

As wireworms begin feeding immediately upon

contact with germinated wheat seeds and continue feeding without interruption, the duration of
feeding can be estimated by multiplying the number of observed feeding intervals by 5 min, i.e.,
the interval between observations. Based on preliminary observations of wireworms on untreated
seed, wireworms observed feeding during 12 consecutive observations (60 min) or longer were
considered to be feeding normally. Wireworms that fed for 10 min or less were considered to be
‘sample feeding’. Wireworms bite plant roots when stimulated by carbon dioxide (Doane et al.
1975) and presumably determine host suitability from the exudates released (Thorpe et al. 1947;
Davis 1961). ‘Sample feeding’ was usually accompanied by abrupt movement away from the
germinated seeds, i.e., out of rings 1 and 2. Wireworms were considered to be ‘repelled’ if, after
having contacted the seeds, they retreated to rings 5 – 8 in less than 30 min. Wireworms were
said to ‘avoid’ seeds if after ‘orienting’ they failed to ‘contact’ them.

9.3.5 Post-feeding health observations

Wireworm health was evaluated immediately after removal from arenas using the protocol
and criteria developed in Chapter 2. Larvae that moved from the middle of an 8 cm diameter
circle drawn on a moist 12.5 cm filter paper placed in a 15 cm Petri dish arena within 2 min were
designated as “alive”. Wireworms that did not move in this manner, but were capable of other
body movements, were designated as “writhing”. Wireworms (both prodded and not prodded)
that made no visible body movements but exhibited minor leg and/or mouthpart movement when
inspected under a dissecting microscope were designated as “appendage movement”.
Wireworms exhibiting “writhing” or “appendage movement” are collectively termed “moribund”
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(Chapter 2). All other wireworms, i.e., no visible body movements with or without prodding, were
designated ‘probably dead’ but were kept (as described below) for up to 4 wk, after which they
showed obvious signs of decomposition.
Following the initial health assessment, all wireworms were placed individually in 30 ml cups
filled with approximately 20 g screened soil (20% moisture). Health checks (as above) were
repeated 1, 3, and 7 d after the bioassay, and weekly thereafter until all wireworms had either died
or made a full recovery. After each health check, wireworms were carefully returned to their cups
and covered with a thin layer of soil to prevent moribund wireworms from desiccating on the soil
surface. Cups were sealed with lids and stored at 20 ± 1°C between health checks. Soft-touch
tweezers were used during all handling to avoid damage to wireworms.
Wireworms used in the first study were measured and weighed with an analytic balance
(Sartorius AG, Goettingen, Germany) after the initial health assessment. Wireworm width was
measured at the widest point on the body (second or third abdominal segment).

9.3.6 Statistical analyses

Proportions of A. obscurus/lineatus that contacted wheat seeds in the first study were
compared using Chi-square analysis (Proc FREQ, SAS 6.0), with separate comparisons for seed
incubation durations and for soil moisture content.

Similarly, proportions of L. canus that

contacted wheat seeds were compared with Chi-square analysis. Proportions of both species
observed under normal light conditions were not included in these analyses.

For each species,

mean times required for wireworms to contact seeds under different soil moisture and/or seed
incubation conditions were compared (separately) using ANOVA (Proc GLM, SAS 6.0). Means
were separated with Tukey-Kramer’s HSD test (P = 0.05). For both A. obscurus/ lineatus and L.
canus, comparisons of contacting times between light and dark under same moisture and seed
incubation conditions were done with Student’s t-test (Proc TTEST, SAS 6.0).
In the second study, proportions of wireworms that oriented to, contacted, were repelled by,
or became sick from treated and untreated seeds were compared with Chi-square analysis (Proc
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FREQ, SAS 6.0), followed by separation using Ryan’s multiple range test (Ryan 1960; Horton and
Landolt 2002).

Mean times to orient to or contact seeds, and mean feeding durations were

compared using ANOVA (Proc GLM, SAS 6.0), followed by separation with Tukey-Kramer’s HSD
test (P = 0.05). All proportions were arcsine-square root transformed, and orienting and feeding
times were square root (x + 0.5) transformed to stabilize the variance (assessed with Proc
UNIVARIATE, SAS 6.0) before analysis and comparisons (Southwood 1966).

9.4 Results

9.4.1 General observations

Wireworm length, width, and weight varied considerably among species (Table 9.1). The
location and behaviour of both large wireworms (e.g., M. communis/dietrichi and C. pruinina) and
small wireworms (e.g., Hypolithus sp.) could be determined easily in this bioassay, indicating that
a 4 mm deep soil layer is appropriate for both sizes. In contrast, wireworms were harder to find in
preliminary experiments with thicker layers of soil (e.g., 6 mm), different media (e.g., vermiculite,
sand; data not shown), or different soil moistures.

For example, wireworm burrows often

collapsed in soil with 10% moisture. In soil with 30% moisture wireworms could be found but the
soil proved difficult to spread in a homogeneous layer in the arena and condensation
accumulating on Plexiglas walls made observations difficult.

9.4.2 Orientation behaviour: effect of soil moisture, seed incubation, light

In the absence of wheat seeds, wireworms rarely oriented to the center of the arena. Only
3 out of 10 A. obscurus/lineatus and 2 out of 10 L. canus observed in soil with 20% moisture
passed through the center (cell 1) during a 2 h observation period. None of the wireworms
stopped when they reached cell 1, and movement appeared random.

In all treatments,

wireworms often entered burrows they had previously made, confirming Lees’ (1943b)
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observation that wireworms prefer to use pre-existing burrows when moving through the soil.
In the presence of wheat seeds, most wireworms oriented to and contacted the seeds
within 120 min in the various soil-moisture and seed-incubation bioassays (Table 9.2).
Comparison of contact behaviour of A. obscurus/lineatus placed in 20% moisture soil under red
light for different seed incubation periods indicated no significant differences among either the
2

proportions of wireworms that contacted seeds (c = 3.33, df = 3, P = 0.34), or the mean times
required to contact seeds (F = 1.78, df = 3, 68, P = 0.16).
Comparison of contact behaviour of A. obscurus/lineatus placed in soil with different
moisture contents with seeds incubated 60 min indicated significant differences among the
2

proportions of wireworms that contacted seeds (c = 9.41, df = 2, P = 0.009), with significantly
fewer wireworms contacting seeds in 10% moisture soil than in soil with 20 and 30% moisture
(Table 9.2). Some wireworms that did not find the wheat seeds in soil with 10% moisture did
orient initially, but thereafter moved past the seeds without contacting them. These wireworms
subsequently moved up to 20 cm backwards and forwards in their burrows. There were no
differences among treatments in the times required for responsive A. obscurus/lineatus to contact
seeds (F = 0.29, df = 4,48, P = 0.75). Due to the difficulty of observing wireworms in soil with 10
and 30% moisture and the relatively low proportion that oriented to the seeds in soil with 10%
moisture, 20% soil moisture was selected for all subsequent bioassays.
Comparison of contact behaviour of L. canus placed in soil with 20% moisture in the red
light for different seed incubation periods indicated no significant differences among proportions of
2

wireworms that contacted seeds (c = 2.03, df = 2, P = 0.36), but significant differences among
contact times (F = 6.00, df = 2,56, P = 0.004), the time required to make contact being
significantly longer if seeds were incubated in the arenas for 0 min than if incubated 30 or 60 min.
In the 0 min incubation treatments, about half of L. canus and A. obscurus/lineatus moved
towards the seed but then moved past the seeds without contact.

This behaviour was not

observed when seeds were incubated for 30 or 60 min (data not shown).
Since seed incubation for 60 min in soil with 20% moisture produced a high proportion of
contact in a short amount of time for both A. obscurus/lineatus and L. canus, these conditions
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were selected for bioassays with C. pruinina, M. communis/dietrichi and Hypolithus sp. High
proportions (0.8, 0.8, 0.7, respectively) of all three species oriented to the seeds under these
conditions (Table 9.2).
Observations conducted under normal light conditions indicated that both the proportion
that contacted seeds incubated for 60 min in soil with 20% moisture and the time required for
contact were not significantly affected by light (P > 0.05, Table 9.2) for either A. obscurus/lineatus
or L. canus. However, under laboratory light conditions wireworms (both species) spent more
time on the bottom of the soil layer or in the middle of the soil than when bioassays were
conducted in the dark (data not shown). This made observations more difficult.

9.4.3 Orienting behaviour: effect of insecticide treatment

There was no significant difference (Table 9.3) among proportions of A. obscurus/lineatus
that ‘oriented’ to untreated seeds and to seeds treated with Dividend, Tefluthrin and Vitavax in the
2

second study (c = 1.92, df = 3, P = 0.59), or among proportions of wireworms that ‘contacted’
2

untreated and treated seeds (c = 4.31, df = 3, P = 0.23). Wireworms exposed to seeds treated
with Tefluthrin required more time to orient to and contact seeds than wireworms exposed to
Dividend-treated seeds.

9.4.4 Feeding and repellency behaviour

All wireworms that contacted untreated seeds in the soil moisture and seed incubation
treatments began feeding immediately.

Virtually all wireworms continued feeding until the

bioassay apparatus was dismantled at the end of the observation period, at which time wireworms
often had to be physically removed from the seed. Similarly, in the second study most wireworms
exposed to both untreated and Dividend-treated seeds were still feeding at the end of the
observation periods.
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The duration of feeding differed significantly among treatments in the seed treatment
studies (F = 78.30, df = 3,72, P < 0.0001), with wireworms feeding significantly longer on the two
control (untreated and the fungicide Dividend) treatments than on seeds treated with the
insecticides Tefluthrin and Vitavax (Table 9.4).

There were significant differences among
2

treatments both in the proportion of wireworms that fed normally (c = 60.00, df = 3, P < 0.0001;
2

Table 9.4) and in the proportion that ‘sample fed’ (c = 62.19, df = 3, P < 0.0001; Table 9.4).
Sample feeding was observed more often when wireworms were exposed to seeds treated with
Tefluthrin than with all other treatments (Table 9.4). Indeed, after 5 – 10 min feeding, wireworms
often rapidly backed up 10 cm or more in their burrows. This post-contact repellent behaviour
2

observed for wireworms exposed to Tefluthrin was not observed for the other treatments (c =
48.96, df = 3, P < 0.0001; Table 9.4). A large proportion (10 / 19) moved away from Tefluthrin
after the first contact subsequently returned to the seeds, at which time most (9 / 10) were again
quickly repelled after sample feeding. While sample feeding was not observed in wireworms
exposed to Vitavax-treated seeds, they did feed for a shorter time than wireworms in control
treatments (Table 9.4).

9.4.5 Illness and mortality

Wireworm health was assessed in all treatments at the end of the bioassays and routinely
thereafter for 84 d. Wireworms in all treatments with untreated seeds and seeds treated with
Dividend showed no symptoms of morbidity (W.G.v.H., unpublished data) at the end of the
bioassays or thereafter (Fig. 9.3). In contrast, most (19 / 20, Fig. 9.3) wireworms that contacted
seeds treated with Vitavax were writhing at the end of the bioassays. Of these, 16 / 19 were still
writhing 7 d after the bioassay, but most had recovered after 14 d (Fig. 9.3).

Two of the

wireworms that recovered subsequently died within 56 d (Fig. 9.3). Similarly, nearly half (9 / 20),
of the wireworms that contacted Tefluthrin-treated seeds were moribund at the end of the
bioassay, all had recovered within 7 d, and two died within 56 d (Fig. 9.3).

190

9.5 Discussion

9.5.1 Orientation Behaviour

The high proportions of all wireworm species tested in arenas that oriented to the seeds if
soil moisture was 20% and seed incubation was 30 or 60 min (Table 9.2) indicates that these
conditions are suitable for a wide range of wireworm species. Both increasing or decreasing the
soil moisture content, or reducing incubation time, reduced the effectiveness of the bioassay. The
longer times required by C. pruinina and Hypolithus larvae to reach the seeds relative to other
species may have been due to the low overall activity of C. pruinina and the smaller size of the
Hypolithus larvae (Table 9.1). The high proportion of A. obscurus/lineatus that oriented towards
seeds treated with Dividend, Vitavax and Tefluthrin, indicates that wireworms were not repelled by
these chemicals prior to contact.

9.5.2 Feeding and repellency behaviour

The prolonged feeding on untreated seed corresponds to Crombie and Darrah’s (1947)
finding that wireworms that reach a germinated grain seed “will usually remain there feeding for
several hours or days.”

As observations of A. obscurus/lineatus exposed to Dividend and

untreated seeds did not continue until wireworms stopped feeding voluntarily, it cannot be
concluded from Table 9.4 that Dividend had a measurable effect on feeding.
Analysis of feeding duration in insecticide treatments indicated that feeding behaviour was
significantly affected when wireworms were exposed to seeds treated with Tefluthrin and Vitavax.
Larvae of A. obscurus/lineatus were repelled by Tefluthrin after contact, but not by either Dividend
or Vitavax. As A. obscurus/lineatus were not repelled by Dividend, the repellency observed in the
Tefluthrin treatment (which included Dividend as a fungicide) was likely due to the Tefluthrin.
While synthetic pyrethroids are known to repel a variety of insects (Sparks et al. 1989), the
repellency of Tefluthrin to wireworms has not been previously reported. The repellent behaviour
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observed in this study was previously described by Lees (1943a), who observed it in wireworms
encountering dry soils while burrowing. The shorter feeding duration at the Vitavax-treated seeds
was accompanied by a cessation of movement and feeding, suggesting wireworms were ‘ill’.

9.5.3 Illness and Mortality

The morbidity symptoms observed after feeding on seeds treated with Tefluthrin and
Vitavax in these studies are similar to those previously observed for A. obscurus exposed to
dermal applications of lindane and tefluthrin in a series of LC50 studies (Chapter 2). In both the
LC50 studies and in these bioassays, wireworms showed similar symptoms of morbidity, almost
complete recovery and then a relapse of morbidity symptoms and death (Chapter 2). While only a
small proportion of A. obscurus/lineatus died after contacting seeds treated with Vitavax and
Tefluthrin in the current study (Fig. 9.3), mortality was only observed by 28 d after the bioassay,
indicating the importance of long-term health checks.

9.5.4 Evaluation of Bioassay

Both Doane et al. (1975) and Horton and Landolt (2002) used plate-glass bioassays
sprinkled with soil to observe wireworm orientation to germinating wheat seeds and other baits
under more natural conditions. Attempts to use a similar bioassay in our lab, however, indicated
that most wireworms would move partly over the surface of the soil to reach germinating wheat
seeds and that the bioassay did not adequately represent natural conditions. The bioassay here
described prevents open air spaces, forcing wireworms to move through the soil to reach the
wheat seeds.
The high proportion of all five wireworm species that oriented to the seeds in this bioassay,
and the relative ease with which wireworm position and behaviour could be assessed, suggest
that this bioassay can be used to determine the behavioural responses of most wireworm species
exposed to treated or untreated wheat seeds. For smaller wireworms (e.g., early instar Hypolithus
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spp. or Agriotes spp.), a thinner soil layer (e.g., 3 mm) may increase wireworm visibility.

For all

species observed in this bioassay, 5 germinating seeds incubated for 30 or 60 min in 20% soil
moisture appeared to be suitable conditions for inducing a rapid orientation response in a high
proportion of wireworms. Considering the diversity of the species tested, these conditions are
likely suitable for many other economically important wireworm species.
Observing wireworm location and behaviour every 5 min using the criteria described above
allowed us to determine if there are behavioural responses to insecticidal compounds. The
bioassay permits direct observation of morbidity symptoms (e.g., writhing behaviour) and different
feeding behaviours (e.g., sample feeding) without removing the wireworm from the soil. Post-test
observations of wireworms exposed to Tefluthrin- and Vitavax-treated seeds also indicate that
long-term health checks are necessary to assess the ultimate effect of insecticide treatments.
Finally, wireworms exposed to Tefluthrin-treated seeds were observed to orient, sample
feed, and be repelled repeatedly during a 180 min observation. This suggests that wireworms
may repeatedly contact and feed on seeds treated with repellent insecticides, potentially
accumulating sufficient toxin to kill them. Alternatively, if wireworms are capable of aversion
learning, those that were repelled and became ill from sample feeding may not return for
subsequent feedings, thus reducing the effectiveness of a repellent insecticide for wireworm
control. These questions can be addressed by continuing the bioassays for longer periods.
While insecticides that intoxicate or repel wireworms may give temporary crop stand
protection and permit seedlings to become established after planting, they may not protect plants
from wireworm attack later in the season when intoxicant and/or repellent effects have dissipated.
Information on these sub-lethal effects is also important in the selection of replacement
insecticides for lindane as cereal and forage crop seed treatments that have been used previously
to reduce wireworm populations in field crops (Toba et al. 1988) or in trap crops (Vernon 2005).
Insecticides that elicit repellency in wireworms in this bioassay are not likely to be effective in the
field. The bioassay and methods described herein can be used to determine the repellent and
toxic effects of insecticides before they are evaluated under field conditions in various
management strategies for wireworm control.
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Table 9.1 Length, width and weight of late-instar wireworms used in soil bioassay.
N = 20 per species.

Mean (SEM)

Mean (SEM)

Mean (SEM)

length (mm)

width (mm)

weight (mg)

Agriotes obscurus/lineatus

17.7 (0.40)

1.5 (0.02)

30.8 (1.30)

Limonius canus

16.9 (0.46)

1.7 (0.05)

25.2 (1.71)

Ctenicera pruinina

23.4 (0.62)

2.7 (0.07)

100.0 (5.20)

Melanotus communis/dietrichi

23.8 (0.39)

2.2 (0.05)

63.1 (2.91)

Hypolithus sp.

9.5 (0.26)

1.1 (0.02)

6.3 (0.38)

Wireworm species
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Table 9.2 Time required for wireworms to contact germinating wheat seeds at different soil
moistures and incubation times during a 120 min observation period. Treatments marked with *
were conducted under regular laboratory light conditions.

Soil

Seed

Number of wireworms

Mean (SEM) time

moisture (%

incubation

(out of 20) that contacted

(min) required to

by weight)

(min)

seeds in 120 min

contact seeds

A. obscurus/lineatus

20

0

16

22.8 (5.05)

A. obscurus/lineatus

20

30

19

38.5 (6.81)

A. obscurus/lineatus

20

60

19

30.1 (5.87)

A. obscurus/lineatus*

20

60

20

29.0 (4.65)

A. obscurus/lineatus

20

90

18

33.8 (5.61)

A. obscurus/lineatus

10

60

13

30.5 (10.10)

A. obscurus/lineatus

30

60

19

32.9 (5.39)

L. canus

20

0

20

43.1 (5.19)

L. canus

20

30

19

25.6 (4.66)

L. canus

20

60

20

25.3 (4.83)

L. canus*

20

60

20

18.2 (2.12)

C. pruinina

20

60

16

63.4 (8.53)

M. communis/dietrichi

20

60

16

41.0 (8.65)

Hypolithus sp.

20

60

14

55.4 (8.34)

Wireworm species
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Table 9.3

Orientation and contact behaviour of A. obscurus/lineatus to different seed

treatments. Numbers within a column followed by the same letter are not significantly different (P
> 0.05). Means separated with the Tukey-Kramer test, proportions separated with Ryan’s test.

Seed
Treatment

Proportion
n

oriented to
seed

Mean (SEM) time

Proportion

Mean (SEM) time

(minutes) to orient

contacting seed

(minutes) to contact

Untreated

29

0.97 a

33.9 (6.41) ab

0.90 a

46.7 (8.08) ab

Dividend

20

0.95 a

28.2 (7.07) a

0.95 a

36.6 (8.10) a

Tefluthrin

24

0.92 a

48.4 (6.84) b

0.83 a

65.0 (9.62) b

Vitavax

20

1.00 a

36.3 (7.09) ab

1.00 a

43.0 (8.07) ab
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Table 9.4 Feeding behaviour of A. obscurus/lineatus to different seed treatments. Numbers
within a column followed by the same letter are not significantly different (P > 0.05). Means
separated with the Tukey-Kramer test, proportions separated with Ryan’s test.

Proportion

Seed

Proportion that

Proportion that

Mean (SEM) duration

Treatment

sample fed

fed normally

(minutes) of feeding

Untreated

0.00 a

1.00 a

137.6 (5.79) a

0.15 a

Dividend

0.06 a

0.81 a

100.6 (12.89) b

0.16 a

Tefluthrin

0.93 b

0.00 b

8.3 (1.16) d

0.95 b

Vitavax

0.05 a

0.05 b

29.5 (3.24) c

0.05 a

201

repelled after
contact

Figure 9.1 Bioassay for determining orientation, feeding and post-feeding behaviours of
wireworms in soil.

Note the circular grid overlaying the top of the bioassay; arrows point to

(clockwise, from top-left) cells 89, 96, 103, and 110.
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Figure 9.2 Frames used to support soil window bioassays in (A) 2005 studies, (B) 2006 and
later (B) studies. In (B), note the transparent (bottom) grids permanently in place on the frames.

A.

B.
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Figure 9.3 Health of A. obscurus/lineatus larvae after contact with untreated wheat seeds and
seeds treated with Dividend XLRTA, Tefluthrin 20SC and Dividend XLRTA, and Vitavax Dual,.
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CHAPTER 10: Response of Limonius canus and Agriotes obscurus
to insecticide-treated wheat seed in a soil bioassay

This chapter was published as:

van Herk, W. G., R. S. Vernon, C. Moffat, and C. Harding. 2008. Response of the Pacific Coast
wireworm, Limonius canus, and the dusky wireworm, Agriotes obscurus (Coleoptera: Elateridae)
to insecticide–treated wheat seeds in a soil bioassay. Phytoprotection 89: 7-19.
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10.1 Abstract

Larvae of the dusky wireworm, Agriotes obscurus L. and Pacific Coast wireworm, Limonius
canus LeConte were exposed to germinated, insecticide-treated wheat seeds in a soil-filled
bioassay in 2005 and 2006. Position in the bioassay and contacting and/or repellency behaviour
at the seed were recorded every 5 min for 3 or 5 h. Wireworm health was recorded for 70 or 126
days after exposure. Seeds were treated with the fungicides Dividend XLRTA (difenoconazole,
mefenoxam) or Raxil MD (tebuconazole, metalaxyl), and/or the insecticides Vitavax Dual
(lindane),

Poncho

600F

(clothianidin),

Cruiser

350FS

(thiamethoxam), Admire 240FS

(imidacloprid), Gaucho 480FL (imidacloprid), Tefluthrin 20CS (tefluthrin), or Tefluthrin-Cruiser
combinations. Most wireworms (> 80%) contacted seeds in all treatments. Wireworms generally
remained in contact throughout the observation period in control treatments (Dividend, Raxil,
untreated seed). Unless moribund, wireworms were repelled after brief (< 20 min) contact in all
Tefluthrin treatments. Most wireworms recovered from contact-induced morbidity within 21 days,
and did not relapse, except L. canus exposed to Cruiser and some A. obscurus exposed to
Gaucho and Admire. Wireworm mortality was low (< 50%) in all treatments except L. canus
exposed to Cruiser 15 and 30 g AI/100 kg seed (60, 75%, respectively). Mortality was significantly
less when L. canus were exposed to Tefluthrin-Cruiser combinations than when exposed to
Cruiser alone. We suggest efficacy assessments of insecticides for wireworm control require
direct observation of their behaviour and long-term post-exposure health assessments, and
discuss the implications of repellency and/or morbidity elicited by insecticides on control in the
field.
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10.2 Introduction

Wireworms are important pests of wheat, vegetable, and soft fruits in both North America
and Europe (Vernon 2005; Parker and Howard 2001), and are likely to become even more serious
problems in some countries as effective organochlorine (OC), organophosphate (OP), and
carbamate insecticides are removed without suitable replacements (Vernon et al. 2001, Grove et
al. 2000). The search for lower-risk replacement chemicals has focussed on pyrethroid (i.e.,
tefluthrin, bifenthrin), chloronicotinoid (i.e., imidacloprid, acetamiprid), thianicotinoid (i.e.,
clothianidin, thiamethoxam) and phenyl pyrazole (i.e., fipronil) insecticides (Parker and Howard
2001), some of which have demonstrated effectiveness against wireworms and are being used for
wireworm management (Parker and Howard 2001; Kuhar et al. 2003). Recent reports suggest
that imidacloprid and thiamethoxam are effective against Agriotes sp. and Melanotus sp. in corn
and sugarbeet (Maienfisch et al. 2001; Pons and Albajes 2002; Andersch and Schwarz 2003),
and that clothianidin is more effective against Melanotus sp. in corn than either chlorpyrifos or
tefluthrin (Andersch and Schwarz 2003).

However, these assessments are based on plant

establishment and/or yield and do not consider the direct effects of these chemicals on wireworm
health and behaviour.
The direct effects of insecticides on wireworm health and behaviour are of interest and
importance for several reasons. Recent toxicology work has demonstrated that wireworms can
recover from long-term (> 150 d) morbidity induced by dermal exposure to imidacloprid,
clothianidin, and thiamethoxam (Chapter 2, 3). In addition, certain insecticides are suspected to
have repellent, as well as toxic effects on wireworms, including aldrin and lindane (Long and Lilly
1958; Toba et al. 1988), terbufos (Belcher and Tenne 1987), and chlorpyrifos and fonofos
(Missionnier and Brunel 1979; Horne and Horne 1991). Recent work by van Herk et al. (Chapter
8) indicates that the dusky wireworm, Agriotes obscurus L., is repelled by droplets of tefluthrin,
chlorpyrifos, lindane, and imidacloprid in a soil-less bioassay.
To determine if some of the neonicotinoid and synthetic pyrethroid insecticides listed above
elicit repellency in wireworms when incorporated in soil, van Herk and Vernon (Chapter 9)
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developed a bioassay that permits observation of wireworm orientation, contact, and repellency
behaviours in response to insecticide-treated wheat seeds in soil. Repellency, generally defined
as the oriented movement away from a stimulus (Dethier et al. 1960), is here said to occur when
wireworms retreat > 5 cm from the seed within 30 min of contact (Chapter 9).
Preliminary studies using this assay indicated that larvae of both A. obscurus and the
Pacific Coast wireworm, Limonius canus LeConte, are repelled by Tefluthrin-treated wheat seeds
in soil (Chapter 9). However, this report did not discuss wireworm response to seeds treated with
commercial formulations of thiamethoxam, clothianidin, and imidacloprid, or the effect(s) of
repeated contact with insecticide-treated seeds: I.e., if this elicited a change in contacting and
foraging behaviour or resulted in aversion learning. These questions are of interest as some
neonicotinoid insecticides may elicit repellency in wireworms (discussed above); the ability to learn
to avoid insecticides may be a common and important mechanism for developing tolerance to
insecticides (Lockwood et al. 1984, Bernays and Chapman 1987, Sparks et al. 1989).
To determine wireworm response to seeds treated with thiamethoxam, clothianidin, and
imidacloprid, to determine whether exposure to both tefluthrin and thiamethoxam resulted in
greater mortality than exposure to seeds treated with either chemical singly (as suggested by
preliminary, unpublished work by van Herk and Vernon), and to determine if repeated contact with
tefluthrin-treated seeds elicited a behavioural change, three observational studies were conducted
using larvae of A. obscurus (in 2005) and L. canus (in 2005 and 2006). In the 2005 studies, both
species were exposed to wheat seeds treated with lindane, tefluthrin, or clothianidin, and A.
obscurus were also exposed to seeds treated with imidacloprid, thiamethoxam, and
thiamethoxam and tefluthrin combined. In the 2006 studies, L. canus larvae were exposed to
seeds treated with lindane and different concentrations of tefluthrin, thiamethoxam, and tefluthrin
plus thiamethoxam. In this paper we describe the effects of these insecticide treatments on
wireworm behaviour, morbidity, and mortality.
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10.3 Materials and methods

10.3.1 Wireworms

Agriotes obscurus larvae used in 2005 studies were collected by hand-sifting soil taken
from pastureland in 2005 at the Pacific Agri-Food Research Centre (PARC) in Agassiz, BC.
Collected larvae represented all instars, but were considered belonging to one population as they
were collected within 100 m of each other. Limonius canus larvae used in 2005 studies were
collected using flour baits placed in a fallowed field at an organic farm in Kelowna, BC, in June
2005, and L. canus used in the 2006 studies were collected similarly from the same location in
June 2006. Virtually all collected larvae were late instar (i.e., > 15 mm long) and were considered
belonging to one population as they were collected within 50 m of each other. All wireworms were
®

stored in 40 liter Rubbermaid (Rubbermaid, Atlanta, GA) tubs filled with sandy-clay loam soil
collected at PARC, at 4°C until needed. To reduce variability, only late-instar, feeding wireworms
were used in bioassays. Feeding wireworms were obtained by placing potato slices in the storage
tubs. Wireworms assembled at the potato baits were then isolated in soil without food following
methods described in Chapter 9, and were used in bioassays within 3 d.

10.3.2 Bioassay

Wireworms were exposed to germinated wheat seeds in soil-filled circular bioassays as
described in Chapter 9. Using circular bioassays ensures that wireworms moving along the edge
of the arena (a common pre-orienting behaviour) remain within 13 cm from the seeds and do not
become trapped in corners. Bioassay arenas consisted of three separate 30.0 cm × 30.0 cm
®

sections of transparent, 4 mm thick Plexiglas connected by small carriage bolts. A 26.0 cm
diameter hole machined into the center section created a circular chamber which could be filled
with soil to a depth of 4 mm. A transparent plastic grid overlaying both the top and bottom
sections divided the chamber into 113 equally-sized cells which were grouped into 8 concentric
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rings and 4 quadrants. Rings and cells were numbered from the center outwards, with ring 1
consisting of a single cell (cell 1) touching all 4 quadrants; other cells were restricted to individual
quadrants. Five wheat seeds (cv. AC Superb) were placed in cell 1 after the bioassay chamber
was carefully filled with an even 4 mm layer of screened, sandy-clay loam soil. Soil used was
adjusted to contain 20% moisture by weight. Wheat seeds were pre-germinated for 44 – 48 h at
25 ± 1°C on moist paper towels ensuring approx. 15 mm shoot length prior to bioassays.
Seedlings were placed in ring 1; seedling shoots extended partly into ring 2 (cells 2 – 5).
After seeds were placed, the top section of the bioassay was put in place and fastened.
Arenas were positioned horizontally on a raised wooden frame to permit observations through
both the top and bottom sections. Seedlings were allowed to grow in the soil in the assembled
bioassay for 30 min to establish CO2 gradients (Doane et al. 1975), after which wireworms (one
per arena) were introduced head first into the bioassay chamber through a 5.0 mm hole in the top
center of either cell 89, 96, 103, or 110 (the center cells of ring 8 in quadrants I, II, III, and IV,
respectively). The wireworm introduction hole was sealed with pressure sensitive tape (VWR
International Ltd., Delta, British Columbia) throughout the seed incubation and wireworm
observation periods, and opened only for wireworm insertion (< 1 min).
Wireworm position in the bioassay, contacting and/or repellency behaviour at the seed, and
health (if abnormal) were recorded every 5 min for 3 h in 2005 and 5 h in 2006. Wireworms were
considered to have “contacted” the seeds when they were within rings 1 or 2 of the bioassay
(Chapter 9).

The duration of contact was estimated by multiplying the number of observed

contact events by 5 min, i.e., the interval between observations. For the 2006 studies wireworms
were observed long enough to assess two or more contact periods and to measure the duration
between these contact periods (hereafter “inter-contact” periods).

All observations were

conducted at room temperature (21 ± 1°C), under low intensity red light (0.75 µE s

-1

-2

m ,

measured with a Li-188B integrating quantum radiometer/photometer; Li-Cor, Lincoln, NB).
Post-exposure wireworm health was assessed immediately after bioassays using methods
and criteria developed in Chapter 2. Wireworms that could move out of an 8 cm diameter circle
drawn on 12.5 cm filter paper in Petri dish arenas within 2 min were designated as “alive”.
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Wireworms that were incapable of directed movement but were capable of body movements
obvious to the naked eye were designated as “writhing”. Wireworms that made no visible body
movements with or without prodding were inspected under a dissecting microscope to determine
if they exhibited “leg” and/or “mouthpart” movement.

These wireworms were designated as

“appendage movement”. Wireworms exhibiting no spontaneous or elicited writhing or leg and
mouthpart movements were temporarily classed as “probably dead”, but were not recorded as
“dead” until they showed signs of decomposition (Chapter 2). Wireworms were stored individually
in 150 ml plastic containers (Fisher Scientific, Whitby, ON) with screened soil (as above) for 70
days after exposure (DAE) in 2005 studies, and 126 DAE in 2006.

Wireworm health was

assessed 1 and 7 DAE, and weekly thereafter. For the 2006 studies, wireworm health was also
assessed 3 DAE. Mortality was compared among treatments at 56 DAE in 2005 studies and at 70
DAE in 2006 studies, after which time no further mortality was observed.

10.3.3 Insecticide treatments

Wheat seed used in the 2005 studies was treated with Vitavax Dual (containing 50 g
lindane and 54 g carbathiin) at 124 g AI/100 kg seed, Gaucho 480FL (imidacloprid) at 15 g AI/100
kg seed, Admire 240FS (imidacloprid) at 10 and 30 g AI/100 kg seed, Poncho 600F (clothianidin)
at 25 g AI/100 kg seed, Tefluthrin 20CS (tefluthrin) at 10 g AI/100 kg seed, Cruiser 350FS
(thiamethoxam) at 10 and 30 g AI/100 kg seed, and a combination of Cruiser 350FS and
Tefluthrin 20CS (both at 10 g AI/100 kg seed) (Table 10.1). Wheat seeds treated with Poncho
and Gaucho were treated by Gustafson Inc., (now Bayer CropScience Canada, Toronto, ON), and
were also treated with the fungicide Raxil MD (1.5 g AI tebuconazole and 2.0 g AI metalaxyl /100
kg seed). Seeds treated with Vitavax Dual, Tefluthrin and/or Cruiser were treated by Syngenta
Crop Protection Canada, Inc. Guelph, ON, and (except for Vitavax Dual) were also treated with
the fungicide Dividend XLRTA (containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g
AI/100 kg seed. These insecticide/fungicide combinations reflect treatments under evaluation for
wireworm control by Bayer and Syngenta. Admire 240FS was applied to untreated seeds by the
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authors.

In addition, untreated wheat seeds and seeds treated with Raxil MD and Dividend

XLRTA alone were tested as control treatments. Due to limited wireworm availability, not all
treatments were tested on both wireworm species in 2005 (Table 10.1).
Wheat seed used in the 2006 studies had been treated (by Syngenta Crop Protection
Canada, Inc.) with Vitavax Dual at 124 g AI/100 kg seed, Tefluthrin 20CS, Cruiser 350FS, or both
Tefluthrin 20CS and Cruiser 350FS. Tefluthrin 20CS and Cruiser 350FS were tested individually
at 5, 10, 15, 20, and 30 g AI/100 kg seed to determine if the concentration of either chemical
affected wireworm behaviour. The combined Tefluthrin 20CS and Cruiser 350FS treatments were
tested at 5, 10, 15, and 20 g AI/100 kg seed (of each insecticide) to determine if placing both
chemicals on the seeds had an enhanced effect on wireworm behaviour and health. Seeds
treated with Tefluthrin and/or Cruiser were also treated with the fungicide Dividend XLRTA at 13 g
AI/100 kg seed.
Between 20 and 30 A. obscurus larvae were exposed to each treatment in 2005 studies.
Due to a shortage of L. canus in 2005 studies, only 10 wireworms were exposed in Raxil and
Dividend treatments. Depending on the availability of feeding wireworms, 20 – 60 L. canus were
exposed to each treatment in 2006 studies. Each treatment was conducted over several weeks,
with several, randomly-chosen treatments assayed per day. Ten to 20 wireworms were observed
concurrently on each observation day. As wireworms have long larval periods (approx. 6 mo per
instar), can be maintained in storage for extensive periods (> 2 y), and were handled similarly in
all bioassays (i.e., similar storage conditions, selection and handling, bioassay preparation,
observation methods), observation date was considered not to have affected wireworm behaviour.
These insecticides were chosen for study as they are currently being evaluated for
wireworm management (see above) and as some (e.g., Poncho, Gaucho) appear to provide stand
protection in wheat without reducing wireworm populations (R.S.V., unpublished data). Of these
insecticides, clothianidin (Poncho), thiamethoxam (Cruiser), and tefluthrin (Force 3.0G) are
currently registered in Canada for wireworm management in corn; Vitavax Dual was included as it
has historically been used for wireworm management and is considered repellent to wireworms
(Long and Lilly 1958; Toba et al. 1988).
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10.3.4 Statistical analyses

The proportion of wireworms that contacted seeds, or were moribund or dead at the end of
the observation or health check periods, were compared among treatments with Chi-square
analyses (Proc FREQ, SAS 9.1, SAS Institute, Cary, IN) followed with Ryan’s test (a = 0.05) to
separate treatments (Ryan 1960).

Mean contact and inter-contact durations were compared

among treatments with ANOVA (Proc GLM, SAS 9.1) followed with the Ryan-Einot-GabrielWelsch multiple range test (a = 0.05) (Ramsey 1978); normality of data was assessed with Proc
UNIVARIATE (SAS 9.1) and by plotting of data points and residuals. For selected treatments,
comparisons between the two wireworm species exposed to the same insecticide in 2005 studies,
and between L. canus exposed to the same insecticide in 2005 and 2006, were made with t-test
(Proc TTEST, SAS 9.1) (a = 0.05). Comparison between the duration of first and second contact
periods were made for the same subset of wireworms with a paired sample t-test.

Among

treatment comparisons of the duration of three consecutive contact periods was made for a
subset of treatments of the 2006 study that contained tefluthrin (i.e., treatments in which > 10
wireworms made three contacts) with a repeated measures ANOVA (Proc GLM). Comparison of
the two inter-contact periods was made with paired sample t-tests for these treatments.
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10.4 Results

10.4.1 Duration of first contact

For all three studies (A. obscurus 2005, L. canus 2005, and L. canus 2006), a high
percentage (> 80) of wireworms introduced into bioassay arenas contacted seeds during the
observation period (Table 10.1, 10.2), suggesting that insecticide treatments did not prevent
wireworm orientation to, or contact with seeds. However, in each study first contact durations
differed significantly among treatments (F = 9.77, df = 11,227, P < 0.0001; Table 10.1; F = 8.61, df
= 5,87, P < 0.0001; Table 1; F = 22.64, df = 16,478, P < 0.0001; Table 10.2; respectively), as the
insecticides affected normal wireworm behaviour.

In the L. canus 2006 study, poorer seed

germination in untreated seeds and (to a lesser extent) in the Cruiser 20 g AI treatment also
affected first contact durations. Seedlings in these two treatments had shorter roots (approx. 5 –
10 mm, instead of 15 mm as in other treatments) likely because seeds were mistakenly given less
moisture during pre-germination (Cruiser 20 g) and were not treated with a fungicide (untreated
seeds). All seeds used in 2006 studies came from the same lot and were treated at the same
time, and the poorer germination seen in the above treatments does not suggest poorer
germination in the field, though the absence of fungicide in the untreated seeds may cause a
slight delay in emergence. However, poorer seed germination will affect seedling CO2 production,
and may affect wireworm contact with seeds—CO2 stimulating feeding in wireworms (Doane et al.
1975).

10.4.1.1 Control treatments

Larvae of A. obscurus exposed to control treatments (untreated seeds or seeds treated with
Dividend XLRTA or Raxil MD) remained in contact in an apparently healthy state for 122.7 (SEM =
11.4), 112.4 (15.0) and 90.0 (14.8) min, respectively, with most wireworms still in contact at the
end of the observation period (Table 10.1). Similarly, larvae of L. canus 2005 exposed to control
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treatments remained in contact on average for 80 min or more, with most still in contact at the end
of the observation period (Table 10.1). The initial contact durations of A. obscurus and L. canus
2005 exposed to untreated seeds, and seeds treated with either Dividend or Raxil were similar (t =
0.31, P = 0.76; t = 0.83, P = 0.41; t = 0.82, P = 0.42; respectively). First contact durations of L.
canus with Dividend-treated seeds was longer in 2006 than in 2005 because bioassays were
continued longer in 2006 than in 2005 and because normal wireworm feeding behaviour is to
remain in contact with a suitable host for extensive periods (Chapter 9). However, due to the poor
seed germination in untreated seeds in 2006 studies (discussed above), the first contact duration
of L. canus exposed to untreated seeds was similar in 2005 and 2006 studies.

10.4.1.2 Tefluthrin 20SC

The first contact duration of A. obscurus was shortest in Tefluthrin (with and without
Cruiser) treatments, wireworms moving away from seeds before showing signs of morbidity, often
after < 10 min contact (Table 10.1). Similarly, L. canus 2005 remained in contact with Tefluthrintreated seeds significantly shorter than with seeds in control treatments (Table 10.1). In 2006
studies, the first contact duration of L. canus was briefest in all Tefluthrin (with or without Cruiser)
treatments, with no significant difference (P > 0.05) in contact durations among the treatments
containing Tefluthrin (Table 10.2). The first contact durations of A. obscurus and L. canus 2005,
and of L. canus 2005 and L. canus 2006 exposed to seeds treated with Tefluthrin 10 g AI did not
differ significantly (t = 0.78, P = 0.33; t = 0.34, P = 0.74; respectively).

10.4.1.3 Cruiser 350FS

Agriotes obscurus exposed to Cruiser 10 g AI remained in first contact (104.5 min, SEM =
9.9) as long as those exposed to control seeds (Table 10.1), partly because a high (50)
percentage of wireworms became moribund while in contact and therefore stopped moving.
Agriotes obscurus exposed to Cruiser 30 g AI contacted seeds more briefly (64.3 min, SEM = 9.9)
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than those exposed to Cruiser 10 g AI, and fewer (10%) became moribund in situ. Exposure to
seeds treated with both Tefluthrin and Cruiser resulted in significantly shorter contact durations
than resulted from exposure to Cruiser alone (Table 10.1).
In L. canus 2006 studies, there was no significant difference (P > 0.05) in the first contact
durations of larvae exposed to seeds treated with Cruiser at 5, 10, and 15 g AI treatments or
control seeds (Table 10.2). As with A. obscurus, the first contact duration of L. canus exposed to
high rates of Cruiser (20, 30 g AI) was significantly shorter than when larvae were exposed to
Dividend XLRTA (Table 10.2). In addition, L. canus also contacted seeds treated with Cruiser
(alone) significantly longer than seeds treated with the same rates of both Cruiser and Tefluthrin
(Table 10.2), indicating that the presence of Tefluthrin decreased the duration of contact in the
combined treatments.

10.4.1.4 Vitavax Dual

Agriotes obscurus exposed to Vitavax Dual remained in first contact (113.8 min, SEM =
13.0) as long as those exposed to control seeds (Table 10.1), partly because most (90%)
wireworms became moribund while in contact. In contrast, first contact durations of L. canus
2005 exposed to Vitavax Dual were shorter than of A. obscurus exposed to the same treatment (t
= 2.98, P = 0.005), as fewer L. canus (47%) became moribund in situ. In 2006 studies, the first
contact duration of L. canus was significantly shorter in the Vitavax Dual than in Dividend
treatment, as some (30%) wireworms moved away from the seeds shortly before becoming
moribund. While first contact in the Vitavax Dual treatment was significantly longer in 2006 than in
2005 (t = 2.23, P = 0.03), this was due to the immobility of moribund wireworms in contact and the
longer observational periods in 2006 than in 2005.
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10.4.1.5 Other treatments

Most A. obscurus that contacted seeds treated with Gaucho 480FL, and Admire 240FS (at
both 10 and 30 g AI) remained in first contact for periods numerically but not significantly shorter
than control seeds (Table 10.1), and some wireworms became moribund in situ (33, 53 and 37%,
respectively).
Agriotes obscurus exposed to Poncho 600F 25 g AI contacted seeds more briefly (50.3
min, SEM = 10.3) than those exposed to control seeds (Table 10.1), and a small percentage
(25%) of wireworms became moribund in situ. The first contact durations of A. obscurus and L.
canus (45.9 min, SEM = 7.6) exposed to Poncho treatments were similar (t = 0.40, P = 0.69;
Table 10.1).

10.4.2 Duration of subsequent treatments

Some wireworms that moved away from seeds after first contact re-contacted seeds. In
2005 studies, most A. obscurus (95%) and L. canus (80%) contacted seeds treated with Tefluthrin
(alone) more than once. However, there was no significant difference in the durations of the first
and second contacts [A. obscurus: 15.0 (SEM = 2.0), 15.3 (2.5) min, respectively; t = 0.10, P =
0.92; L. canus: 20.3 (3.5), 13.8 (3.5) min, respectively; t = 1.21, P = 0.24]. Similarly, most (85%)
A. obscurus re-contacted seeds treated with the Tefluthrin and Cruiser combination treatment, but
there was no significant difference in the durations of the first and second contacts [14.7 (2.3),
15.6 (2.4) min, respectively; t = 0.31, P = 0.76].

Not enough repeat contacts were observed in

other treatments to permit analysis (data not shown).
Longer observations in 2006 studies permitted repeated contacts with seeds in all
treatments (Table 10.2). The duration of second contact differed significantly among treatments
(F = 6.91, df = 16,329, P < 0.0001), with wireworms contacting Dividend treated seeds significantly longer than all other treatments, including untreated seeds (Table 10.2). As in first contact,
the duration of second contact was shortest in Tefluthrin treatments, and no significant difference
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in second contact duration was observed among Tefluthrin (plus Cruiser) treatments (Table 10.2).
Within treatment comparison between mean first and second contact durations (Table 10.2)
indicated no significant difference (P > 0.05) when wireworms were exposed to Dividend or
untreated seeds, or to treatments containing Tefluthrin, except for the Tefluthrin and Cruiser
combination treatment at 20 g AI in which the second contact duration was significantly shorter
than the first (t = 3.01, P = 0.005). Second contact duration was briefer than the first in Vitavax
Dual (t = 3.67, P = 0.0004) and Cruiser at 5, 10, 15, 20, and 30 g AI (t = 2.91, P = 0.01; t = 3.58, P
= 0.0007; t = 5.51, P < 0.0001; t = 2.31, P = 0.02; t = 2.38, P = 0.02; respectively) treatments,
suggesting that these insecticides had an effect on L. canus contact behaviour.
To further explore this sublethal effect, first and second contact durations were compared
within treatments for only those larvae that contacted twice (data for first contact period not shown
for this subgroup). This comparison revealed no significant differences (P > 0.05) when wireworms were first exposed to Dividend, Vitavax Dual, or Cruiser at 5, 10, and 30 g AI. However,
second contact was significantly shorter than first contact when wireworms were exposed to
Cruiser at 15 g AI [first contact = 141.9 (15.6) min, second = 37.7 (13.1); t = 3.60, P = 0.001] and
20 g AI [first = 90.0 (14.1), second = 63.0 (12.0); t = 2.46, P = 0.02], indicating that a single
exposure to Cruiser could affect subsequent behaviour.
The effect of repeated contact with Tefluthrin was assessed by within-treatment comparison
of the mean duration of the first, second, and third contact for L. canus that made three or more
contacts with seeds in the 2006 study (Table 10.3). This comparison indicated no significant (P >
0.05) difference in contact duration in any treatment.

Similarly, comparison among different

treatments of all first, all second and all third contact durations indicated no significant difference
among treatments (P > 0.05). However, in all treatments (except Tefluthrin 10 g AI), the second
inter-contact interval was considerably longer than the first inter-contact interval (Table 10.3).
While these differences were not statistically significant (P > 0.05), it may indicate that repeated
contact with Tefluthrin had an effect on wireworm behaviour. Previous work has shown that even
very brief (1 min) contact with Tefluthrin-treated seeds will induce temporary morbidity in L. canus
(Chapter 5).
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10.4.3 Total contact duration

Due to the repellency elicited by Tefluthrin, the total contact durations of L. canus assayed
in 2006 differed significantly among treatments (F = 32.56, df = 16,478, P < 0.0001; Table 10.2).
Contact in the Tefluthrin treatments was consistently shorter than in all other treatments, and the
total contact duration in Cruiser (alone) treatments decreased as concentration increased,
suggesting that when exposed to Cruiser wireworm deterrence from contact increases with the
concentration (Table 10.2).
Similarly, despite repeated contacts with seeds containing Tefluthrin (range 1 – 5 contacts),
the total contact duration of A. obscurus remained lowest among these treatments over the 180
min observation period (F = 8.56, df = 11,227, P < 0.0001; Table 10.1) and significantly lower than
in the control, Cruiser 10 g AI, Gaucho and Vitavax Dual treatments. The total contact durations
of L. canus assayed in 2005 over the observation period differed significantly among treatments
(F = 14.18, df = 5,87, P < 0.0001; Table 10.1), with the total contact duration in Tefluthrin and
Poncho treat-ments being significantly shorter than in control treatments (Table 10.1).

10.4.4 Post-contact wireworm health and mortality

There were significant differences among treatments in the proportion of A. obscurus, L.
2

canus 2005, and L. canus 2006 moribund at the end of the observation period (c = 119.7, df = 11,
2

2

P < 0.0001, Table 10.1; c = 32.87, df = 5, P < 0.0001, Table 10.1; c = 128.81, df = 15, P <
0.0001, Table 10.2). There were significant differences among treatments in the proportion dead
2

at 56 DAE in the A. obscurus (c = 42.72, df = 11, P < 0.0001), but not in the L. canus 2005 study
2

(c = 8.65, df = 5, P = 0.12). There were also significant differences in the proportion of L. canus
2

2006 wireworms dead at 70 DAE (c = 157.04, df = 15, P < 0.0001).
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10.4.4.1 Control treatments

Morbidity and mortality were not observed in A. obscurus or L. canus 2005 exposed to
control treatments throughout the health checks (Table 10.1). Similarly, no morbidity and very low
mortality was observed in L. canus 2006 exposed to control treatments (Table 10.2).

10.4.4.2 Tefluthrin 20SC

Morbidity of both A. obscurus and L. canus 2005 was low (< 50%) after bioassays with
Tefluthrin or Tefluthrin plus Cruiser (Table 10.1), and all moribund wireworms had fully recovered
by 7 DAE. Recovered wireworms did not subsequently relapse into morbidity, and no mortality
occurred (Table 10.1, Fig. 10.1, 10.2).

Similarly, nearly all L. canus 2006 moribund after

bioassays with Tefluthrin or Tefluthrin plus Cruiser at the end of the observation period had fully
recovered by 3 DAE (Fig. 10.3), causing low (or zero) mortality in all treatments containing
Tefluthrin (Table 10.2). Wireworms in all treatments containing Tefluthrin were often observed to
be “writhing” after contact at some point during observation but to be “alive” when checked at the
end of the observation period (data not shown).

10.4.4.3 Cruiser 350FS

Considerably more A. obscurus were moribund after bioassays with Cruiser at 10 g AI than
at 30 g AI (Table 10.1), but nearly all wireworms made a full recovery by 14 DAE (Fig. 10.1).
Despite the high percentage (90%) of wireworms moribund, mortality was low in the 10 g AI
treatment; there was no mortality in the 30 g AI treatment (Table 10.1). A smaller proportion of A.
obscurus were moribund, but a slightly greater proportion died after bioassays with Cruiser and
Tefluthrin combined than after bioassays with either chemical at 10 g AI singly (Table 10.1).
No L. canus 2006 were moribund after exposure to Cruiser 5 g AI, and Cruiser plus
Tefluthrin 20 g AI, and only a low (< 40) percentage of wireworms were moribund in all other
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Cruiser (plus Tefluthrin) treatments (Table 10.2). Wireworms moribund after exposure to Cruiser
(all concentrations) had fully recovered by 14 DAE, but a considerable percentage (25 – 75)
relapsed thereafter and had died by 70 DAE (Fig. 10.3; Table 10.2).
Mortality in Cruiser treatments increased with concentration (excluding data for Cruiser 20 g
AI from analysis due to concerns regarding seed appetence, discussed above). Mortality was
significantly lower in bioassays with Tefluthrin plus Cruiser than in bioassays with Cruiser alone at
the same rates.

10.4.4.4 Vitavax Dual

A high percentage of A. obscurus (100%) and L. canus 2005 (68%) were moribund after
bioassays with Vitavax Dual (Table 10.1), but nearly all moribund wireworms had fully recovered
by 28 DAE (Fig. 10.1, 10.2). Similarly, a high percentage (74%) of L. canus were moribund after
bioassays with Vitavax Dual (Table 10.2), but all had fully recovered by 14 DAE and did not
relapse subsequently, causing no mortality in this treatment (Table 10.2, Fig. 10.3).

10.4.4.5 Other treatments

A high percentage (> 70) of A. obscurus were moribund after bioassays with Admire
240FS, Gaucho 480FL, and Poncho 600F (Table 10.1), but nearly all moribund wireworms in
these treatments had fully recovered by 14 DAE (Fig. 10.1). However, some wireworms exposed
to Admire and Gaucho relapsed and died after 14 DAE (Fig. 10.1). Wireworm morbidity and
mortality after contact with Poncho was similar for L. canus 2005 and A. obscurus (Table 10.1,
Fig. 10.1, 10.2).
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10.5 Discussion

10.5.1 Evaluation of insecticide treatments

10.5.1.1 Control treatments

Contact with untreated seeds or seeds treated with Dividend or Raxil had no significant
effect on A. obscurus or L. canus health.

In all three treatments, most (> 50%) wireworms

remained in contact with the seeds until the end of the observation period. In addition, the low
morbidity in these control treatments suggests that the presence of the fungicides on the seeds
likely did not affect wireworm health and behaviour in other treatments, and will likely not cause
wireworm mortality in the field.

10.5.1.2 Tefluthrin 20SC

Both A. obscurus and L. canus are strongly repelled by Tefluthrin. At all concentrations
tested, wireworms only contacted treated seeds briefly before moving away. While brief contact
induced morbidity in some wireworms, nearly all recovered fully and there was little mortality in
either species. Both the low mortality and rapid recovery (without relapse) of A. obscurus and L.
canus from Tefluthrin-induced morbidity are similar to previous observations in which L. canus
were exposed to treated wheat seeds in Eppendorf tubes (Chapter 5).
The similarity between first and second contact durations in both A. obscurus and L. canus
exposed to Tefluthrin suggests that the duration of second contact was not affected by the
previous contact (i.e., that wireworms were not repelled from the seeds more quickly), and that
the larvae were not learning to avoid seeds treated with Tefluthrin. Since wireworms can be
moribund within 5 min of contact with Tefluthrin and recover within 1 – 2 h (Chapter 5), it is likely
that wireworms observed to be “writhing” after contact during bioassays with Tefluthrin were
temporarily moribund from contact but had recovered before the end of the observation period.
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Together these results indicate Tefluthrin may be ineffective for reducing wireworm
populations in the field, but may give stand protection in the field due to its repellency. Contrary to
expectations, combining Tefluthrin with Cruiser reduced the efficacy of Cruiser by significantly
reducing the duration of contact with seeds. Comparison of post-contact health profiles between
Cruiser, Tefluthrin, and Tefluthrin plus Cruiser treatments (Fig. 10.3) indicate that wireworms
exposed to both Tefluthrin and Cruiser responded similar to those exposed to Tefluthrin alone.

10.5.1.3 Cruiser 350FS

Larvae of A. obscurus or L. canus were not repelled by Cruiser 350FS. While L. canus
(2006) moved away from seeds treated with Cruiser at 20 and 30 g AI more quickly than from
seeds treated with Dividend, only a low proportion were moribund at the end of the observation
period. The considerable mortality (increasing with concentration) in L. canus observed at all
concentrations of Cruiser, suggests that 2 – 3 h contact suffices to kill wireworms. Agriotes
obscurus exposed to Cruiser 10 g AI, remained in contact more briefly, became moribund more
quickly and experienced less mortality than L. canus exposed at the same rate. This result, and
the briefer contact and lower morbidity of A. obscurus at 30 than 10 g AI, suggest that increasing
the contact duration with Cruiser may increase wireworm mortality, that increasing the
concentration of Cruiser on wheat seeds reduces the contact duration in A. obscurus (possibly by
accelerating the onset of morbidity), and that the optimum concentration of Cruiser for wireworm
management may vary with wireworm species.
The difference in post-contact health and mortality between Cruiser and Cruiser plus
Tefluthrin treatments suggests that the reduced contact with seeds containing Tefluthrin reduced
the amount of Cruiser absorbed either orally and/or dermally by the wireworms, and indicates that
placing both insecticides on wheat seeds may be less effective for wireworm control than
exposing wireworms to Cruiser alone.
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10.5.1.4 Vitavax Dual

Lindane is thought to elicit repellency in some wireworm species, including the sugarbeet
wireworm, L. californicus (Mann.)—a species closely related to L. canus (Toba et al. 1988), but
while first contact durations for L. canus (2005, 2006) were considerably shorter than in control
treatments, neither A. obscurus nor L. canus were repelled by Vitavax Dual. Wireworms often
remained in contact for 1 h or longer and most wireworms of both species became moribund in
situ. Wireworms that moved away without becoming moribund often returned for subsequent
contact(s). While most A. obscurus and L. canus were moribund by the end of the observation
period, mortality was low in all three studies, suggesting that wireworms may become moribund
before ingesting and/or contacting lethal doses of lindane.

The difference between the first

contact durations of L. canus and A. obscurus exposed to Vitavax Dual may indicate wireworm
response to lindane differs among species.

10.5.1.5 Other treatments

Agriotes obscurus were not repelled by Gaucho 480FL or Admire 240FS in 2005 studies,
indicating that neither formulation of imidacloprid elicits repellency at the concentrations tested. In
contrast, previous studies in open-air bioassays have suggested that at high concentrations (> 1%
AI in water or acetone), imidacloprid is slightly repellent to A. obscurus (Chapter 8). There were
no significant differences in the proportions of wireworms moribund at the end of the observation
period or dead at 56 DAE among the Admire and Gaucho treatments, suggesting that both
formulations similarly affected wireworm health. As in the Cruiser 350FS treatments, the relapse
and death after temporary recovery of A. obscurus exposed to Gaucho and Admire (Fig. 10.1)
stress the importance of long-term post-contact health checks.
Larvae of A. obscurus and L. canus were not repelled by Poncho 600F, but contact with
seeds was shorter than in other insecticide treatments except those containing Tefluthrin.
Wireworms appeared to move away from treated seeds due to the onset of morbidity, and at the
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end of the observation period most wireworms that had contacted treated seeds were moribund.
The subsequent low mortality in both wireworm species suggests that wireworms may become
moribund before they can absorb lethal doses of insecticide. The similar response of A. obscurus
to Poncho 600F 25 g AI and Cruiser 350FS 30 g AI is of interest as insects metabolize the active
ingredient of Cruiser (thiamethoxam) to clothianidin (the active ingredient of Poncho) (Nauen et al.
2003).

10.5.2 Implications of repellency and morbidity on insecticide effectiveness

The results presented here indicate that contact with insecticide-treated seeds in the soil
may cause morbidity in wireworms without causing subsequent mortality, and that consequently
long-term post-contact wireworm health checks are important for assessing an insecticide’s
efficacy. These studies also indicate that wireworms will orient to seeds treated with insecticides
but will often move away after contact.

As an insect’s internal state (e.g., concentration of

nutrients or immune peptides in hemolymph) affects its behaviour (Pompilio et al. 2006, Riddell
and Mallon 2006, Miller and Strickler 1984), it is probable that the onset of morbidity is the
stimulus that elicits repellency in wireworms.

Wireworms that moved away from insecticide-

treated seeds often showed signs of morbidity later, even if contact was very brief (i.e., in
Tefluthrin treatments). Insecticides that cause rapid induction of morbidity (e.g., Tefluthrin) may
not be effective for wireworm population control, as wireworms may be repelled before they can
absorb toxic doses. While wireworms that are repelled may return for subsequent contact(s),
repeated induction of morbidity by some insecticides (e.g., Tefluthrin) increases their ability to
recover from morbidity (Chapter 5).

Furthermore, wireworms that become moribund from

contacting seeds treated with Poncho, Gaucho, Admire, or Vitavax Dual may do so before
ingesting enough to kill them. Since recovery from morbidity induced by these chemicals may
require months (Chapter 2, 3), wireworms returning to the same insecticide-treated plants that
induced morbidity initially may not be affected once the plants are established (i.e., wheat and
corn).

Finally, while an insecticide that elicits repellency may permit crop establishment and
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provide stand protection, it may be ineffective for wireworm management, particularly if the crop
matures in the soil (e.g., potatoes) and if wireworms return after the chemical’s repellent effects
have dissipated.

10.5.3 Evaluation of bioassays

The high proportion of wireworms in our studies that contacted wheat seeds, and their rapid
orientation to them, indicate that, contrary to Chaton et al. (2008), wireworm host finding is nonrandom. Like many subterranean insect larvae, wireworms follow CO2 gradients to find their
hosts in the soil (Doane et al. 1975, Guerenstein and Hildebrand 2008), and are able to detect the
presence of a single germinating wheat seed in soil from a 20 cm distance (Doane and Klinger
1978; Westcott et al. 1980). This behaviour has been utilized to develop effective bioassays for
studying wireworm behaviour (e.g., Doane et al. 1975; Horton and Landolt 2002; Chapter 9).
The results presented here also confirm that observing wireworm position and behaviour
every 5 min is sufficient to assess contact and feeding behaviour (Chapter 9), and indicate that
different insecticides elicit different behaviours in wireworms.

As these observations were

conducted under laboratory conditions for limited observation periods, however, the findings
discussed here may not accurately reflect what occurs in the field. Increasing the number of
seeds in the bioassay or the duration of observation periods will likely increase wireworm mortality
in treatments where wireworms became moribund in situ or continued to re-contact treated seeds.
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10.8 Tables and figures

Table 10.1 Mean (SEM) contact durations (min) of Agriotes obscurus and Limonius canus
larvae exposed for 180 min to wheat seeds treated with pesticides, proportion moribund (MB) at
end of bioassay, and proportion dead, in 2005 studies. C = number that contacted seeds, N = the
number of wireworms that were exposed. DAE = Days After Exposure. Values followed by the
same letter within a column are not significantly different at a = 0.05.
separately per species.

(table appears on the following page)
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Analyses conducted

Table 10.1

Insecticide
Treatment

C (N)

Duration of first

Duration of total

contact

contact

Prop. (of C)

Prop. (of C)

MB after

dead at 56

bioassays

DAE

Agriotes obscurus

Untreated

26 (29)

122.7 (11.4) a

128.1 (10.3) a

0a

0a

Dividend

19 (20)

112.4 (15.0) ab

127.6 (10.8) a

0a

0a

Raxil

19 (22)

90.0 (14.8) abc

105.3 (12.9) ab

0a

0a

Cruiser (10)

20 (20)

104.5 (9.9) ab

124.8 (9.0) a

0.90 cd

0.15 ab

Cruiser (30)

20 (20)

64.3 (9.9) bc

88.0 (8.9) abc

0.40 bc

0a

Tefluthrin (10)

20 (24)

15.5 (1.9) d

48.0 (7.6) cd

0.45 bc

0.05 a

Cruiser (10) +
Tefluthrin (10)

20 (25)

13.8 (2.1) d

34.5 (5.6) d

0.35 b

0.25 ab

Gaucho (15)

18 (20)

79.4 (16.2) abc

100.6 (13.0) ab

0.83 bcd

0.22 ab

Admire (10)

20 (22)

71.4 (13.3) abc

79.5 (12.5) abcd

0.75 bcd

0.45 b

Admire (30)

18 (19)

71.1 (14.3) abc

74.7 (13.8) bcd

0.72 bcd

0.39 b

Poncho (25)

18 (20)

50.3 (10.3) cd

72.8 (9.2) bcd

0.72 bcd

0.11 ab

Vitavax (124)

20 (20)

113.8 (13.0) ab

115.3 (12.4) ab

1.0 d

0.10 ab

Dividend = Dividend XLRTA, Raxil = Raxil MD, Cruiser = Cruiser 350FS, Tefluthrin = Tefluthrin
20CS, Gaucho = Gaucho 480FL, Admire = Admire 240FS, Poncho = Poncho 600F, Vitavax =
Vitavax Dual. Number in parentheses indicates g AI/100 kg seed.
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Table 10.1, continued

Insecticide
Treatment

C (N)

Duration of first

Duration of total

contact

contact

Prop. (of C)

Prop. (of C)

MB after

dead at 56

bioassays

DAE

Limonius canus

Untreated

17 (20)

117.4 (16.8) a

136.2 (13.4) a

0.0 a

0a

Dividend

10 (10)

83.0 (19.7) ab

124.5 (11.3) a

0.0 a

0a

Raxil

10 (10)

111.5 (20.0) a

135.5 (14.8) a

0.0 a

0a

Tefluthrin (10)

20 (20)

21.3 (3.0) c

36.8 (3.9) c

0.4 b

0a

Poncho (25)

17 (19)

45.9 (7.6) bc

63.5 (10.0) bc

0.53 b

0.11 a

Vitavax (124)

19 (20)

56.1 (14.4) bc

91.8 (12.8) ab

0.68 b

0.15 a

Dividend = Dividend XLRTA, Raxil = Raxil MD, Tefluthrin = Tefluthrin 20CS, Poncho = Poncho
600F, Vitavax = Vitavax Dual. Number in parentheses indicates g AI/100 kg seed.

233

Table 10.2 Mean (SEM) contact durations (min) of Limonius canus larvae exposed for 300 min
to wheat seeds treated with insecticides, proportion moribund (MB) at end of bioassay, and
proportion dead, in 2006 studies. C1 = the number of wireworms that contacted seeds at least
once; N = the number of wireworms exposed. C2 = the number of wireworms that contacted
seeds twice. DAE = Days After Exposure. Values followed by the same letter within a column are
not significantly different at a = 0.05.

(table appears on the following page)
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Table 10.2
Duration of

Duration of

Prop. (of C1)

Prop. (of C1)

MB after

dead at 70

bioassays

DAE

183.6 (14.8)
ab

0a

0.06 ab

126.8 (28.2)
a

232.1 (11.2)
a

0a

0.05 ab

11

75.9 (24.3) b

230.0 (11.8)
a

0a

0.25 bc

141.2
(13.8) abc

19

62.1 (16.7)
bcd

176.6 (12.8)
ab

0.05 ab

0.35 cd

20
(20)

156.5
(17.2) abc

13

37.7 (13.0)
bcd

203.5 (15.8)
ab

0.35 bcd

0.60 de

Cruiser (20)

33
(40)

106.5
(14.5) c

25

63.0 (12.0)
bcd

165.8 (14.6)
b

n/a

n/a

Cruiser (30)

20
(20)

98.3 (13.4)
c

16

54.7 (12.5)
bcd

157.0 (15.4)
b

0.35 bcd

0.75 e

Tefluthrin (5)

54
(60)

25.3 (2.5)
d

40

25.0 (4.3)
bcd

62.5 (6.6) c

0.19 abc

0.04 a

Tefluthrin
(10)

53
(59)

22.5 (1.6)
d

42

20.5 (2.8) cd

61.9 (5.8) c

0.19 abc

0.08 ab

Tefluthrin
(15)

18
(18)

27.2 (4.5)
d

18

31.4 (11.0)
bcd

82.8 (14.6) c

0.28 abc

0a

Tefluthrin
(20)

17
(19)

21.8 (6.5)
d

12

15.8 (2.9) d

39.1 (5.93) c

0.41 cd

0a

Tefluthrin
(30)

20
(20)

20.9 (2.7)
d

19

20.5 (9.3) cd

64.5 (9.4) c

0.20 abc

0.15 abc

Insecticide

C1

Treatment

(N)

Untreated

33
(40)

118.0
(19.1) bc

17

70.3 (16.4)
bc

Dividend

40
(40)

182.4
(18.0) a

13

Cruiser (5)

20
(20)

171.3
(21.1) ab

Cruiser (10)

37
(40)

Cruiser (15)

first

C2

contact

second
contact

Duration of
total contact

Dividend = Dividend XLRTA, Cruiser = Cruiser 350FS, Tefluthrin = Tefluthrin 20CS. Number in
parentheses indicates g AI/100 kg seed.
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Table 10.2, continued
Duration of

Duration of

Prop. (of C1)

Prop. (of C1)

MBafter

dead at 70

bioassays

DAE

73.3 (9.1) c

0.30 abc

0.05 ab

18.0 (2.0) d

68.3 (10.4) c

0.15 abc

0.05 ab

18

17.8 (3.1) d

64.8 (5.5) c

0.30 abc

0a

31.5 (4.0)
d

14

15.7 (3.4) d

59.1 (6.6) c

0a

0a

98.6 (12.3)
c

32

46.9 (6.9)
bcd

147.5 (11.0)
b

0.74 d

0a

Insecticide

C1

Treatment

(N)

Cruiser (5) +
Tefluthrin (5)

20
(20)

27.5 (3.9)
d

17

22.4 (4.5) cd

Cruiser (10)
+ Tefluthrin
(10)

20
(20)

23.5 (3.5)
d

20

Cruiser (15)
+ Tefluthrin
(15)

20
(20)

27.5 (4.1)
d

Cruiser (20)
+ Tefluthrin
(20)

17
(19)

Vitavax
(124)

53
(60)

first

C2

contact

second
contact

Duration of
total contact

Cruiser = Cruiser 350FS, Tefluthrin = Tefluthrin 20CS, Vitavax = Vitavax Dual.
parentheses indicates g AI/100 kg seed.
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Number in

Table 10.3 Mean (SEM) contact and inter-contact durations (min) of Limonius canus larvae
exposed to wheat seeds in 2006 studies, for wireworms that contacted seeds treated with
Tefluthrin 20SC (and Cruiser 350FS) three times during a 300 min observation period.

C = the

number of wireworms that made three contacts.

Insecticide
Treatment

C

First

Second

Third

contact

contact

contact

First inter-

Second inter-

contact

contact

period

period

Tefluthrin (5)

23

20.4 (2.5)

20.4 (3.1)

22.4 (4.2)

47.2 (7.8)

57.2 (9.7)

Tefluthrin (10)

32

22.0 (2.2)

20.8 (3.6)

19.2 (4.7)

51.4 (10.0)

48.8 (9.1)

Tefluthrin (15)

13

24.2 (4.0)

25.0 (10.7)

15.0 (1.7)

32.7 (10.1)

59.2 (12.4)

Tefluthrin (30)

13

20.5 (2.2)

24.6 (13.5)

20.2 (2.2)

35.5 (10.7)

69.2 (13.5)

Cruiser (5) +
Tefluthrin (5)

12

29.6 (4.8)

18.3 (3.7)

29.2 (8.2)

40.0 (11.4)

66.7 (12.9)

Cruiser (10) +
Tefluthrin (10)

15

25.7 (4.4)

18.0 (2.2)

27.7 (7.3)

48.0 (9.6)

71.3 (14.8)

Cruiser (15) +
Tefluthrin (15)

13

20.8 (2.3)

15.4 (3.1)

17.3 (2.8)

40.4 (9.2)

71.9 (18.9)

Cruiser = Cruiser 350FS, Tefluthrin = Tefluthrin 20CS. Number in parentheses indicates g AI/100
kg seed.
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Figure 10.1 Health of Agriotes obscurus larvae 0, 1, 7, 14, 28, 42, and 56 days after exposure
(DAE) to insecticide-treated wheat seeds during 180 min observation in a soil-window bioassay;
2005 studies.
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Figure 10.2 Health of Limonius canus larvae 0, 1, 7, 14, 28, 42, and 56 days after exposure
(DAE) to insecticide-treated wheat seeds during 180 min observation in a soil-window bioassay;
2005 studies.
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Figure 10.3 Health of Limonius canus larvae 0, 1, 3, 7, 14, 28, 42, and 56 days after exposure
(DAE) to insecticide-treated wheat seeds during 300 min observation in a soil-window bioassay;
2006 studies.
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CHAPTER 11: Presence of carbon dioxide and induction of morbidity
impede aversion learning in Limonius canus

This chapter has been submitted for publication in Physiological Entomology.
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11.1 Abstract

The effect of carbon dioxide and morbidity induction on aversion learning in larvae of the
Pacific Coast wireworm, Limonius canus, is discussed. Wireworms preconditioned by exposing
them one or four times to odor of Tefluthrin 20SC and Dividend XLRTA during induction of
temporary morbidity subsequently contacted tefluthrin-treated wheat seeds in soil bioassays as
long as naïve (i.e., not preconditioned) larvae, but were repelled 4 – 5 times more frequently by
Dividend-treated seeds in soil bioassays than naïve wireworms. Wireworms preconditioned by
exposure to peppermint odor during morbidity induction were not subsequently repelled by
peppermint odor in soil bioasssays. Hence wireworms may be capable of associating some novel
odors (i.e., Dividend) with morbidity, but require a minimum of 10 – 15 min contact time with
seeds before being repelled. Presence of a CO2 source and/or a suitable host plant may override
a negative cue (i.e., peppermint odor).
Observations in a soil-less bioassay, in the absence of both a host plant and CO2
production, indicate wireworms are slightly repelled by droplets of 1.0% peppermint (in acetone)
solution but not 0.1%, and that previous exposure to peppermint odor or contact with pepperminttreated filter paper during one morbidity induction does not significantly increase repellency to
1.0% peppermint. Repellency to 1.0% peppermint is strongly reduced when morbidity is induced
five times in the absence of peppermint odor, but increases when peppermint odor is present
during preconditioning, indicating wireworms are capable of associative learning but that
wireworm sensitivity to repellent compounds decreases when repeatedly made moribund.
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11.2 Introduction

Wireworms are among the most widespread and serious subterranean insect pests in
agriculture worldwide (Kabaluk et al. 2007), and are currently causing increasing problems in both
North America and Europe (Chapter 2; Parker and Howard 2001). As effective management of
wireworms requires an understanding of their behaviour in response to insecticides, we have
recently conducted toxicology studies (Chapter 3, 4) and developed bioassays to observe
wireworm behaviour in both soil and soil-less environments (Chapter 8, 9). This research has
revealed that wireworms can enter prolonged periods (> 6 mos) of morbidity after exposure to
insecticides from which they can make a full recovery (Chapter 2, 3), and that wireworms may be
repelled by insecticides (e.g., tefluthrin, a synthetic pyrethroid) in both soil-less and soil
environments (Chapter 8, 9). In a soil environment, wireworms will orient toward and briefly (< 15
min) contact seeds treated with a putative repellent insecticide before moving away and/or
becoming temporarily moribund (< 1 h, Chapter 9), and will repeatedly return to the seed and
make contact, even if this repeatedly induces temporary morbidity (Chapter 9).

It was also

observed that for some insecticides (e.g., tefluthrin), brief (< 2 min) direct contact without feeding
with treated wheat seeds alone is enough to induce temporary (< 12 h) morbidity in wireworms
(Chapter 5).
These findings, and the observation that wireworm repellency to some insecticides (e.g.,
lindane, chlorpyrifos, tefluthrin) increases over time in a soil-less bioassay (Chapter 8), raise the
question whether wireworms can develop behavioural resistance to insecticides by learning to
avoid morbidity-inducing insecticides in the soil. Insect aversion learning, defined as an insect’s
avoidance of a food that has previously made it ill (Dethier 1980, Papaj and Prokopy 1989), has
been identified in various insects and is considered an important mechanism for developing
resistance to insecticides (Prokopy and Lewis 1993).
Here we present the results of three studies conducted with the Pacific Coast wireworm,
Limonius canus LeConte, an important pest of vegetables and cereals in British Columbia, to
determine if wireworms can associate a novel odor with temporary morbidity (Table 11.1). In the
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first study, wireworms were exposed to wheat seed treated with Tefluthrin 20SC and/or the
triazole/phenylamide fungicide Dividend XLRTA in a soil window bioassay after morbidity induction
by seeds treated with these compounds. Dividend XLRTA is a novel broad spectrum cereal seed
treatment fungicide registered in both Canada and the United States, and Tefluthrin 20SC
(tefluthrin) is a seed-treated insecticide currently under evaluation for wireworm control by
Syngenta Crop Protection (Canada), Inc. The results from this study suggested wireworms may
be able to associate the odor of Dividend with temporary morbidity.

The subsequent study,

conducted similarly, determined if wireworms can associate the odor of peppermint with
temporary morbidity (Table 11.1).

Peppermint was used as this compound is often used in

learning studies with insects (e.g., Matsumoto and Mizunami 2004; Decker et al. 2007). As
peppermint plants (Mentha piperita) are not native to North America, it is unlikely L. canus would
have encountered this odor previously. In both these studies the odor source was placed on
wheat seedlings, a preferred host plant for wireworms. As an insect’s innate feeding preference
may overrule aversion learning and cause insects to continue to feed on host plants treated with a
deleterious chemical (Raffa 1987), and as the seedlings actively produced CO2 which induces
feeding in wireworms (Doane et al. 1975), a third study was conducted in the absence of wheat
seeds and active CO2 production, in a soil-less environment, to determine if wireworms can
associate the odor of peppermint with temporary morbidity under these conditions (Table 11.1).
In a fourth study, wireworms were exposed to wheat seeds treated with tefluthrin alone to
determine the contact duration required to induce 100 min morbidity, the approximate duration
wireworms were moribund after brief contact with tefluthrin treated seeds in soil window bioassays
in previous experiments (Chapter 10).
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11.3 Materials and methods

11.3.1 Wireworms

Only late-instar larvae of L. canus, known to be in the feeding state, were used in these
studies. All wireworms used in studies were collected from an organic farm in Kelowna, BC, in
June 2006 (soil bioassay studies) or June 2007 (soil-less bioassay study) and stored in tubs of soil
at 15°C until used.

Feeding wireworms were removed from baits placed in the soil-filled

containers 3 – 4 d prior to bioassays. All observations were conducted under low intensity red
-1

-2

light (< 1 µE s m , measured with a Li-188B integrating quantum radiometer/photometer; Li-Cor,
Lincoln, NB).

11.3.2 Association of Dividend and/or Tefluthrin odor with morbidity.

To determine if wireworms can associate the odor of Dividend XLRTA and/or Tefluthrin
20SC with temporary morbidity, larvae were placed in soil window bioassays described in Chapter
9, filled with screened sandy clay-loam soil made up to approx. 20% moisture by weight. Five
wheat seeds, germinated 44 – 48 h prior to bioassays were placed in the centre of the soil
windows 30 min before wireworm introduction. Wheat seeds were either untreated or treated with
the insecticide Tefluthrin 20SC at 10 g AI/100 kg seed and/or the fungicide Dividend XLRTA
(containing 3.21% difenoconazole and 0.27% mefenoxam) at 13 g AI/100 kg seed. Seed treated
with tefluthrin alone was not available for this study.
Wireworms used in this study were either naïve, or had been preconditioned by inducing
morbidity for approximately 3 h by exposure to ungerminated wheat seeds treated with Tefluthrin
plus Dividend (as above) in Eppendorf tubes, as described in Chapter 5.

Wireworms were

introduced into the soil bioassays 30 min or 21 h after their predicted recovery time (i.e., 3.5 and
24 h after their morbidity induction, respectively) (Table 11.2). To determine the effect of multiple
exposures, some wireworms were exposed to the above seed treatments 21 h after recovery from
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the last of four consecutive morbidity inductions spaced 24 h apart. To determine if handling and
placement in Eppendorf tubes affected wireworm behaviour, larvae were preconditioned with
seeds treated with Dividend alone in Eppendorf tubes, which did not induce morbidity or otherwise
affect wireworm health, and exposed to Tefluthrin plus Dividend-treated seeds in bioassay
windows 3.5 h thereafter. All wireworm observations in soil windows continued for up to 3 h, after
which wireworms were weighed and their health was assessed using health criteria developed in
Chapter 2. A minimum of 30 larvae were exposed to each treatment (Table 11.2).
To assess how wireworm behaviour was affected by pre-conditioning, both the time
required for wireworms to contact seeds and the duration of contact with the seeds was
measured. As L. canus larvae normally remain in contact with untreated and Dividend-treated
seeds for 1 h or longer (Chapter 9, 10) and as most wireworms move away from Tefluthrin-treated
seeds within 15 min (Chapter 10), contact duration was divided into three categories: 1 – 15, 16 –
45, and > 45 min, the first category representative of repellent behaviour and the last category of
normal feeding (Chapter 9).
Since nearly all wireworms exposed to Tefluthrin plus Dividend-treated seeds in the soil
windows moved away from the seeds before the end of the 3 h observation period, direct
comparison of mean contact durations could be made between the five tefluthrin treatments
(Table 11.3). The brief contact duration in the Tefluthrin plus Dividend seed treatments also
permitted between-treatment comparison of the proportions that contacted seeds for 1 – 5, 6 –
10, and 11 – 15 min, to determine if any of the preconditionings affected behaviour (Table 11.3).

11.3.3 Exposure of wireworms to seeds treated with Tefluthrin alone

To determine the effect of exposing wireworms to seeds treated with tefluthrin alone, larvae
were exposed in Eppendorf tubes to ungerminated wheat seed treated with Tefluthrin 20SC at 6.5
g AI/100 kg seed for 1, 2, 5, 10, 15, or 30 min, using the methods described in Chapter 5.
Moribund wireworms were observed every 10 min until they made a full recovery). Moribund
wireworms were observed every 10 min until they made a full recovery.
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11.3.4 Association of peppermint odor with morbidity in the presence of CO2
production

To determine if wireworms can associate the odor of peppermint with temporary morbidity,
wireworms were exposed to germinated wheat seeds in the presence or absence of peppermint in
soil window bioassays (prepared as above). Five untreated wheat seeds, which had germinated
approx. 44 h prior, were placed in the centre of each bioassay arena 1 h before wireworm
introduction. A single, 1 × 1 cm piece of filter paper (Whatman No. 1) treated with 5 µl of either
acetone (100%) or 1% peppermint (in acetone) (Aromaforce 100% Pure Essential Oil, Bioforce
Canada Inc., Pointe-Claire, QC) was exposed to air for 30 min to permit volatile dissipation. Filter
papers treated with peppermint retained a strong odor 30 min after inoculation and at that time
they were placed directly above the wheat seeds.
Wireworms were placed in the bioassay 3.5 h after induction of approx. 100 min morbidity
by 5 min exposure in Eppendorf tubes to ungerminated wheat seeds treated with Tefluthrin 20SC
at 6.5 g AI (Table 11.4). Wireworms were exposed to a lower rate of tefluthrin than in the earlier
study so they could be exposed longer in the Eppendorf tubes, allowing the wireworms more time
to associate morbidity with the odor of peppermint. During this preconditioning period, Eppendorf
tubes were covered by single pieces of 1 × 2 cm filter paper that were treated 30 min previously
with either acetone or 1% peppermint, ensuring wireworms were exposed only to the odor of
peppermint without directly contacting the filter papers. Additional wireworms were exposed to
untreated seed for 5 min in the Eppendorf tubes in the presence of peppermint odor (as above).
These additional wireworms had never been exposed to tefluthrin.
Preconditioned wireworms were observed in soil window bioassays for up to 3 h, and the
time taken to contact seeds and duration of contact recorded. As above, contact duration was
divided into three categories: 1 – 15, 16 – 45, and > 45 min. Wireworms were weighed, and
wireworm health was assessed immediately after observations.

Filter papers treated with

peppermint had retained their odor when soil bioassays were disassembled at the end of the
observation.
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11.3.5 Association of peppermint odor with morbidity in the absence of CO2
production

To determine if wireworms can associate the odor of peppermint with temporary morbidity
in the absence of a CO2-emitting source, wireworms were placed in circular (diameter = 12 cm),
soil-less window bioassays (Chapter 8). Bioassay arenas were lined with moistened filter paper
(Whatman No. 1), and were divided into 113 equally-sized cells, grouped into eight concentric
rings (numbered 1 – 8 from centre outwards) and four quadrants (numbered 1 – 4 from top left).
Wireworms were released in the centre of the arena (cell 1) through a 5 mm hole in the top
section of the bioassay. A 5 µl droplet of acetone or 0.1 or 1.0% peppermint (in acetone) was
placed in cell 89 (C89), the centre cell of ring 8 in quadrant 1 (Q1), 2 min prior to wireworm
introduction, to permit acetone volatiles to dissipate. Air was drawn through a 5 mm hole above
C89 at 500 ml/min (Tube 602; Matheson Gas Products Airflow Regulator, Montgomeryville, PA) to
remove volatiles in the chamber. Wireworm behaviour at C89 was contrasted with behaviour at
cell 103 (C103), the centre cell of ring 8 in quadrant 3 (Q3), directly opposite the arena from C89.
Wireworms were observed continuously for 20 min, and their positions recorded every 3 s.
Both preconditioned and naïve (i.e., not preconditioned) wireworms were exposed in
bioassays. Wireworms were preconditioned by one of the three following treatments: morbidity
was induced once by exposure to seeds treated with Tefluthrin 20SC at 6.5 g AI/100 kg seed as in
the previous study, during which Eppendorf tubes were covered by a single piece of treated filter
paper; morbidity was induced in tubes covered by treated filter paper five times at approx. 12 h
intervals; morbidity was induced once but the treated filter paper was placed inside the tubes so
that they directly contacted the wireworms. In the latter case, filter papers were placed inside the
tubes to determine if learning required direct contact (i.e., a gustatory rather than an olfactory
cue).

In each case, filter papers had been treated with either acetone or 1% peppermint (in

acetone) 30 min previously (as above). Wireworms were introduced into bioassays 3.5 h after the
beginning of the (last) preconditioning.
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Both longer-range and shorter-range repellency was assessed. Longer-range repellency is
evident when wireworms spend significantly less time in the quadrant (Q1) containing the
chemical than in the opposite, control quadrant (Q3), as measured by comparing the proportion of
time spent in each quadrant (Chapter 8). Shorter-range repellency occurred if wireworms avoided
C89 by backing and turning abruptly upon approach, measured as the proportion of times a
wireworm turned and backed away out of the number of times it approached the chemical.
Repellency on approach to C89 was compared with the wireworms’ behaviour at the control cell
(C103). For each treatment, a Wireworm Repellency Score (WRS) was calculated by subtracting
the mean proportion of repellent events at C103 from the mean proportion of repellent events at
C89, and multiplying the difference by 100 (Chapter 8).

11.3.6 Statistical Analyses

In all studies, wireworm weights were analyzed with ANOVA (Proc GLM, SAS 9.1, SAS
Institute, Cary, NC) after square root transformation to stabilize variance (Southwood 1978).
Mean separation was conducted with the Tukey-Kramer procedure when the sample size was the
same for all treatments, and with the REGWQ procedure if samples sizes were not equal.

11.3.6.1 Soil window studies

In both soil window studies, the time to make contact with seeds was compared among
treatments with ANCOVA analyses (Proc GLM, SAS 9.1), with wireworm weight included as a
covariate to determine if size affected orientation behaviour. The proportion of wireworms in each
of the three contact duration categories was compared among treatments with Chi-square
analysis using the Yates correction as some observed values were < 5 (Proc FREQ, SAS 9.1;
Yates 1984).

Where P values were < 0.1 in this analysis, the proportion of wireworms that

contacted 1 – 15 min was compared between similar treatments to see if there was a significant
increase in repellency.

Chi-square analyses were followed with Ryan’s test to separate
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proportions when P < 0.05 (Ryan 1960). In the first study, mean contact duration in various
Tefluthrin plus Dividend treatments was compared with ANOVA, and the proportions that
contacted 1 – 5, 6 – 10, and 11 – 15 min compared between Tefluthrin plus Dividend treatments
with Chi-square analyses (as above). Wireworms that became moribund while in contact with
seed in tefluthrin treatments were omitted from mean calculations and comparisons.

11.3.6.2 Exposure of wireworms to seeds treated with Tefluthrin alone

Mean recovery times and weights of wireworm were compared among treatments with
ANOVA. Recovery times were regressed (stepwise, backward) (Proc REG, SAS 9.1) to both the
duration of exposure and wireworm weight, after square-root transformation to normalize variance
(Southwood 1978).

11.3.6.3 Soil-less bioassay

Mean wireworm speeds, mean proportion of time spent in Q1 and Q3, mean number of
approaches to C89 and C103, and mean proportion of repellent events at C89 and C103, were all
compared among treatments with ANOVA, followed by the Tukey-Kramer procedure to separate
means. All proportions were arcsine-square root transformed before comparisons to normalize
data.

Within-treatment comparisons between the proportion of time spent in Q1 versus Q3,

between the number of approaches to C89 versus C103, and between the proportion of repellent
events at C89 versus C103, were made with paired-sample t-tests (Proc TTEST, SAS 9.1).
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11.4 Results and discussion

11.4.1 Association of Dividend and/or Tefluthrin odor with morbidity

The weights of 24 of 403 wireworms used in the study were not recorded (Table 11.2). Of
wireworms that were weighted, mean (SEM) weights ranged from 22.3 (1.49) to 30.2 (1.45) mg
(Table 11.2) and differed significantly among treatments (F = 3.04, df = 11,367, P = 0.0007).
However, wireworm weight was not a significant covariate in the time required for wireworms to
contacts seeds (F = 0.03, df = 1,366, P = 0.87). The mean (SEM) time required to contact seeds
ranged from 39.1 (5.37) to 78.4 (9.24) min, and though there appeared to be significant
differences among treatments (F = 1.86, df = 11,391, P = 0.04), mean separation with REGWQ
detected no differences (Table 11.2).
Wireworm contact duration with seeds was strongly affected by the seed treatment.
Except for a small proportion (< 0.1) that became moribund while in contact, all wireworms
exposed to Tefluthrin plus Dividend-treated seeds moved away within 45 min (Table 11.2). In
contrast, wireworms did not become moribund, and a considerable proportion (> 0.35) remained
in contact > 45 min when exposed to untreated or Dividend-treated seeds (Table 11.2).
Comparison of the proportion that remained in contact 1 – 15, 16 – 45, and > 45 min indicated
2

highly significant contact behaviour differences among treatments (c = 156.10, df = 22, P <
0.0001). Naïve wireworms (Table 11.2, treatments 1 – 3) responded similarly to untreated seeds
2

and seeds treated with Dividend (c = 0.02, df = 2, P = 0.99), but most (30 / 41) wireworms
exposed to Tefluthrin plus Dividend contacted < 15 min, causing significant differences between
2

these three treatments (c = 50.59, df = 4, P < 0.0001). This repellent behaviour to tefluthrin is
similar to that reported in previous experiments with L. canus (Chapter 9, 10). The different
response to Tefluthrin plus Dividend-treated seed than to either Dividend- or untreated seeds was
also observed when wireworms were exposed to these treatments 3.5 h after a single morbidity
2

2

induction (Table 11.2: 4, 6; c = 18.25, df = 2, P < 0.0001; 5, 6: c = 5.72, df = 2, P = 0.057) or 24 h
2

2

after four morbidity inductions (Table 11.2: 10, 12; c = 40.33, df = 2, P < 0.0001; 11, 12: c =
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13.37, df = 2, P = 0.001). Similarly, wireworms were repelled by Tefluthrin plus Dividend but not
2

Dividend-treated seeds 24 h after a single morbidity induction (Table 11.2: 8, 9; c = 25.65, df = 2,
P < 0.0001).
Wireworm contact behaviour was similar after zero, one, or four morbidity exposures when
2

exposed to untreated seeds (Table 11.2: 1, 4, 10, respectively; c = 6.75, df = 4, P = 0.15) with
most (prop. > 0.57) remaining in contact > 45 min, indicating that wireworms had fully recovered
from morbidity in treatments 4 and 10 and were responding normally.
While contact behaviour appeared to be similar after zero, one, or four morbidity exposures
2

when exposed to Dividend-treated seeds (Table 11.2: 2, 5 and 8, 12, respectively; c = 10.84, df =
6, P = 0.09), there were considerably more wireworms repelled (contact < 15 min) in treatments 5,
2

8, and 11, than in treatment 2 (prop. = 0.34, 0.22, 0.38, 0.06, respectively; c = 107.64, df = 3, P <
0.0001).

Separation of these proportions with Ryan’s test and pair-wise comparisons of

proportions with Chi-square analysis indicated no significant differences (P < 0.05) between the
proportion of wireworms repelled in the three treatments in which wireworms were made
2

moribund (Table 11.2: 5, 8, 11; c = 1.43, df = 2, P = 0.49), but indicated that a significantly higher
proportion was repelled when made moribund four times, or within 3.5 h of exposure, than if they
2

2

had not been previously exposed (Table 11.2: 12, 2; c = 7.78, df = 1, P = 0.005; 5, 2: c = 6.18, df
= 1, P = 0.01; respectively).

The proportion repelled by Dividend-treated seeds was not

significantly different if wireworms had been made moribund 24 h prior to exposure or had not
2

been previously exposed (Table 11.2: 8, 2; c = 2.07, df = 1, P = 0.15). As wireworms were
exposed to seeds treated with both Tefluthrin and Dividend during preconditioning, these results
suggest that a proportion of the larvae had associated the odor of Dividend with morbidity, and
that this association lasted < 1 d unless reinforced by subsequent exposures.
Wireworm contact behaviour with Tefluthrin plus Dividend-treated seeds was similar,
regardless of whether wireworms were naïve, previously exposed to Tefluthrin plus Dividendtreated seeds and moribund 3.5 or 24 h previously, or made moribund four times (Table 11.2: 3,
2

7, 6, 9, 12, respectively; c = 3.83, df = 8, P = 0.87), and there was no significant difference in the
2

proportions repelled after contact (prop. = 0.73, 0.71, 0.55, 0.66, 0.72, respectively, c = 2.58, df =
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4, P = 0.63). Similarly, comparison of mean contact durations, and of the proportion of wireworms
that contacted 0 – 5, 6 – 10, and 11 – 15 min, indicated no difference in contact behaviour among
2

these treatments (Table 11.3; F = 0.67, df = 4,162, P = 0.61; c = 2.73, df = 8, P = 0.95;
respectively). These results indicate that neither handling and exposure to Dividend, or previous
exposure to the odor of Tefluthrin plus Dividend during morbidity induction, affected subsequent
wireworm response to Tefluthrin plus Dividend-treated seeds. The failure of wireworms to be
repelled more quickly from Tefluthrin plus Dividend-treated seeds after morbidity induced by
seeds treated with these compounds may indicate either that the larvae were not associating
either odor with their previous morbidity, or that their association of the two was masked by an
innate minimum contact duration requirement.

The latter possibility explains why wireworm

contact duration decreased in bioassays with Dividend and not with Tefluthrin plus Dividend, and
suggests that naïve and preconditioned wireworms in the Tefluthrin treatments were already
moving away from the seeds as quickly as possible.

11.4.2 Exposure of wireworms to seeds treated with Tefluthrin alone in
Eppendorf tubes

Mean weights of wireworms used in treatments ranged from 24.3 (SEM = 1.41) to 27.3
(1.29) mg, and did not differ significantly among treatments (F = 0.59, df = 5,119, P = 0.71). In all
treatments, most wireworms displayed early symptoms of morbidity upon removal from Eppendorf
tubes and became moribund within 20 min of first exposure. Wireworm recovery times differed
considerably among treatments, increasing with the duration of exposure to Tefluthrin (Table 11.4;
F = 111.01, df = 5,119, P < 0.0001). Regression of recovery time, R, to the duration of exposure,
E, yielded the following model: R

0.5

2

= -0.006E + 0.488E + 7.504 (SE = 0.001, 0.047, 0.246,
2

respectively; P < 0.0001 for all terms, adjusted R = 0.84). Wireworm weight was eliminated from
the model as it was not statistically significant, and those model parameters were chosen which
2

gave the highest R value. This model is similar to those developed in previous studies in which
wireworms were exposed to seeds treated with both Dividend XLRTA at 13 g AI/100 kg seed and

253

Tefluthrin at 5 – 30 g AI for 1 – 16 min (Chapter 5, 6), and can be used in the studies below to
determine how long to expose wireworms to Tefluthrin if a specific recovery duration is desired.

11.4.3 Association of peppermint odor with morbidity in presence of a host plant
and CO2 production

Although preliminary observations indicated some wireworms became moribund when the
peppermint solution was applied topically, wireworms did not become moribund from exposure to
peppermint odor during preconditioning (data not shown). Slight wireworm repellency to filter
papers treated with a higher concentration (i.e., 10%) of peppermint solution in soil bioassays was
observed (data not shown), indicating that the dose of peppermint used in the bioassays was far
less than required to induce either morbidity or repulsion.
Mean (SEM) wireworm weights ranged from 20.9 (0.75) to 23.8 (0.88) mg and appeared to
differ significantly among treatments (F = 2.34, df = 5,254, P = 0.04), though mean separation was
not possible. However, wireworm weight was not a significant covariate in the time required for
wireworms to contact seeds (F = 1.02, df = 1,253, P = 0.10).
There was no significant difference among treatments in the time required for wireworms to
contact seeds (F = 0.96, df = 5, 253, P = 0.44; Table 11.5), and wireworm contact behaviour was
2

similar in all treatments (c = 3.63, df = 10, P = 0.96). There were no significant differences
2

among treatments in the proportions that contacted normally (i.e., > 45 min) (c = 4.15, df = 5, P =
2

0.53), or that were repelled (i.e., < 15 min) (c = 2.06, df = 5, P = 0.84; Table 11.5). Hence
wireworms that were made moribund (in the absence or presence of peppermint odor) contacted
seeds as quickly, and remained in contact as long, as those that had not been made moribund,
regardless if the seeds they contacted were also accompanied with peppermint odor. The odor of
peppermint on the treated filter papers remained detectable to us after wireworms were removed
from the bioassay (after approx. 1 h contact with seeds), indicating wireworms would likely have
been able to detect the odor throughout their contact with the seeds.
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The failure of wireworms to be repelled by the odor of peppermint after being made
moribund in the presence of peppermint odor does not preclude the possibility that wireworms are
able to associate peppermint odor with morbidity. The presence of CO2 emitted by the growing
wheat seedlings, a preferred host plant, may have overridden possible aversion learning, as has
been demonstrated in other polyphagous insect larvae (e.g., the fall armyworm, Spodoptera
frugiperda; Raffa 1987). If so, wireworms in the field will not likely be repelled by the odor of an
insecticide that temporarily made them moribund if it is accompanied by a strong attractant cue
(i.e., CO2). These results also indicate that the ability of wireworms to associate novel odors with
temporary morbidity should also be studied in the absence of active CO2 production and/or host
plant.

11.4.4 Association of peppermint odor with morbidity in absence of a host plant
and CO2 production

Mean (SEM) wireworm weights ranged from 19.4 (0.96) to 22.3 (1.21) mg and did not differ
significantly among treatments (F = 0.63, df = 8,216, P = 0.75). Similarly, mean (SEM) wireworm
speeds ranged from 8.9 (0.46) to 10.3 (0.53) cm/min and did not differ significantly among
treatments (F = 1.13, df = 8,216, P = 0.35), indicating that morbidity-induced wireworms had made
full recovery, as (partially) ill wireworms move slowly (Chapter 8). The wireworm speeds observed
for L. canus are considerably slower than those observed for similar-sized larvae of the dusky
wireworm, Agriotes obscurus (cf. 17.9 cm/min when exposed to acetone under vacuum; Chapter
8).
There was no evidence of longer-range repellency in any treatment. Wireworms spent a
similar amount of time in Q1 and Q3 in all treatments except when exposed to acetone and 1.0%
peppermint (no preconditioning) (Table 11.6), where wireworms spent significantly more time in
Q1 than Q3 (t = 3.31, df = 24, P = 0.003; t = 2.09, df = 24, P = 0.05; respectively). Similar to
previous observations with A. obscurus, larvae were temporarily arrested under the site of the
vacuum in the acetone treatment, causing a longer stay in Q1 than in Q3 (0.33, 0.20, respectively;
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Table 11.6; cf. A. obscurus: 0.29, 0.23, respectively; Chapter 8). This was not obvious in other
treatments, possibly because of the presence of peppermint on C89. The longer duration of
wireworms exposed to peppermint at 1.0% (no pre-conditioning) in Q1 than Q3 was therefore
likely due to random variability in wireworm movement. As a result of the longer stay in Q1 and
shorter stay in Q3 in the acetone treatment, there were significant differences among treatments
in the proportion of time wireworms spent in Q1 and Q3 (F = 2.89, df = 8,216, P = 0.004; F = 2.72,
df = 8,216, P = 0.007; respectively, Table 11.6).
There was no significant difference among treatments in the number of times wireworms
approached C89 (F = 0.95, df = 8,216, P = 0.48; Table 11.7). However, due to the reduced
amount of time wireworms spent in Q3 in the acetone treatment, wireworms approached C89
significantly more than C103 in that treatment (t = 3.28, df = 24, P = 0.003), and there was a
significant difference among treatments in the number of times wireworms approached C103 (F =
3.26, df = 8,216, P = 0.0016). There was no significant difference (P > 0.05) in the number of
times wireworms approached C89 versus C103 in any other treatment.
A low incidence of backing and turning was observed upon approach to C89 and C103 in all
treatments (Table 11.7), but there were no significant differences among treatments in backing
and turning upon approach to C103 (F = 0.55, df = 8,216, P = 0.82; Table 11.7). Due to the
higher incidence of repellency at C89 in some treatments than others, the proportion of backing
and turning upon approach to C89 differed significantly among treatments (F = 2.27, df = 8,216, P
= 0.02; Table 11.7), but not enough to permit mean separation.
There was no significant difference (P > 0.05) between the incidence of backing and turning
at C89 and C103 when wireworms were exposed to acetone (WRS = 3), 0.1% peppermint (no
preconditioning; WRS = 11), or to 1.0% peppermint after five morbidity inductions in the absence
of peppermint odor (WRS = 8). However, when wireworms were exposed to 1.0% peppermint
after no preconditioning, or after one morbidity induction in the absence of peppermint odor, there
was significantly more repellency at C89 than at C103 (t = 2.82, df = 24, P = 0.009; WRS = 27; t =
3.72, df = 24, P = 0.001; respectively; Table 11.7). This suggests that wireworms are slightly
repelled by the presence of 1.0%, but not 0.1%, peppermint, and that they respond similarly after
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one, but not five morbidity induction(s). Hence it is likely that repeated morbidity inductions may
reduce wireworm sensitivity to potentially noxious compounds.
Wireworms exposed to 1.0% peppermint after one morbidity induction in the presence of
peppermint odor (Table 11.7: 5) responded similarly to those exposed after one morbidity
induction in the absence of odor (Table 11.7: 4) (t = 4.46, df = 24, P = 0.0002; WRS = 35),
indicating that the wireworms had not associated peppermint odor with morbidity, or no longer
remembered the association if made. Changing the mode of exposure to peppermint during
preconditioning from odor to contact had no observable effect on the incidence of repellency.
Wireworms in direct contact with acetone-treated filter paper (Table 11.7: 8) while made moribund
once were subsequently repelled by 1.0% peppermint (t = 4.35, df = 24, P = 0.0002; WRS = 33) at
the same rate as to those exposed to the odor of acetone-treated filter paper (treatment 4), or
those in direct contact with peppermint-treated filter paper (Table 11.7: 9) (t = 5.46, df = 24, P <
0.0001; WRS = 33).
When wireworms were exposed to peppermint odor while made moribund five times (Table
11.7: 7), there was a considerable increase in the incidence of repellency (t = 4.15, df = 24, P =
0.0004; WRS = 31) from those made moribund five times in the absence of odor (Table 11.7: 6;
WRS = 8). While the incidence of repellency in this treatment was similar to that observed in
other bioassays with 1.0% peppermint, the increase in repellency is notable in light of the previous
result that repeated morbidity induction virtually eliminated wireworm repellency to 1.0% peppermint. It appears from this that wireworms may be able to associate novel odors with morbidity but
that they require repeated conditioning to make an association, and that multiple morbidity
inductions reduce their sensitivity to repellent chemicals.

11.4.5 Assessment of wireworm aversion learning

Aversion learning was only recently first discovered in polyphagous arctiid larvae (Dethier
1980, 1988) and locusts (Bernays and Lee 1988, Lee and Bernays 1990), and is considered most
likely to occur in insects that are polyphagous (Gelperin and Forsythe 1975; Jermy 1987), highly
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mobile (Bernays 1993), and long-lived (if likely to reencounter the same plants) (Dukas 1998).
Wireworms possess all these characteristics, and may be particularly predisposed to associating
an olfactory or gustatory cue with temporary morbidity (or other negative experience) as they are
subterranean and must therefore rely almost exclusively on olfactory or gustatory cues to
determine suitable host plants (Chapman 2003).
However, while aversion learning is thought to account for much of the observed repellency
to insecticides (Prokopy and Lewis 1993), there is currently only one known example of an insect
learning to avoid an insecticide, i.e., the German cockroach, Blattella germanica (Ebeling et al.
1966).

This may be because insecticides are often put on host plants, and innate feeding

preferences may override an insect’s experience with a noxious compound (Raffa 1987). For
example, larvae of the polyphagous Asian armyworm, Spodoptera litura, and fall armyworm,
Spodoptera frugiperda, maintain their preference of castor leaf discs and corn (respectively) over
other plants, after recovering from morbidity induced by feeding on insecticide-treated samples of
these plants (Raffa 1987; Ghumare and Mukharjee 2005). Similarly, Potter and Held (1999)
found that adults of the polyphagous Japanese beetle, Popillia japonica, maintained their
preference of morbidity-inducing geranium flowers over suitable alternative hosts after recovery
from morbidity induced by this plant. The failure of these insects to learn may also result from
internal limitations to their learning ability (Dukas 1998), or from the nature of the conditioned
stimulus (e.g., insecticide), some stimuli being more associable than others (Garcia and Koelling
1966; Seligman and Hager 1972).
The results of the studies presented here suggest that wireworms are capable of aversion
learning, but that both morbidity inductions and the presence of CO2 impede their ability to make
associations.

Wireworms exposed to peppermint in the soil-less bioassay after repeated

morbidity inductions in the presence of peppermint were considerably more repelled than those
not exposed to peppermint odor during preconditioning. However, the latter wireworms were less
repelled than those made moribund once or not at all. This suggests that aversion learning in
wireworms is more likely to occur if the substance avoided in question does not induce morbidity.
Previous observations in which late instar A. obscurus were increasingly repelled by droplets of
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tefluthrin, lindane, and chlorpyrifos during 20 min observations in a soil-less bioassay without
becoming moribund (Chapter 8), support this argument. If so, the traditional definition of aversion
learning stated above may need to be extended to include all avoidance of noxious compounds
after previous exposure to them, including avoidance of compounds not associated with food
sources. In addition, learning studies may need to include assays in which insects are not made
moribund by the test compound.
Although aversion learning is associated with temporary illness, there are, to our
knowledge, no examples of induced illness impeding learning.

However, this question is of

particular interest in light of recent research in insect psychoneuroimmunology. The activation of
an immune response decreases learning ability in a broad range of insect species (Adamo 2006;
Alghmadi et al. 2008), probably because both learning and immune responses involve the same
pro-inflammatory cytokines (Dantzer 2004; Schedlowski 2006) and/or second messenger
pathways [i.e. adenosine 3’,5’-cyclic monophosphate (cAMP)] (Davis 1996). As insects will divert
energy from other physiological systems to ensure the immune response is maintained at high
levels, a classic life history trade-off, (Stearns 1992; Tyler et al. 2006), the biochemical substrates
required for associative learning and/or memory formation may be used up in a concurrent
immune response (Mallon et al. 2003). Recent support for this view came from the discoveries
that protein is closely involved in the immune response and that an immune response reduced
memory formation in the bumblebee, Bombus terrestris (Riddell and Mallon 2006). While it is not
known if contact with insecticides induces an immune response in wireworms, wireworms do
recover significantly more quickly after a second exposure to tefluthrin than the first, indicating that
inducing morbidity in wireworms activates a biochemical change that persists for up to one week
(Chapter 5).
The results from the two soil-window studies also indicate that wireworms may be able to
associate novel odors with previous morbidity, but that this ability is masked when the odor is
placed on a host plant and/or CO2 source. Most wireworms contacted untreated wheat seed in
the presence of peppermint odor normally, regardless of preconditioning.

Similarly, while

wireworms were repelled by Tefluthrin plus Dividend-treated seeds, there was no significant

259

difference in contact duration between naïve and preconditioned larvae. These observations,
combined with previous observations that wireworms continue to orient towards and contact
Tefluthrin-treated seeds for similar durations, even if each contact induces brief morbidity
(Chapter 10), suggest both that the presence of CO2 overrides aversion learning, and that
wireworms require 10 – 15 min contact with seeds before being repelled by them. The results of
the soil-window studies presented here also suggest that wireworms are not likely to learn to avoid
insecticides used as seed treatments in the field, especially as these are generally placed on host
plants to which wireworms are attracted when they are actively growing (i.e., releasing CO2).
The ability of CO2 to impede learning is reasonable considering that decision making in
insects depends on a variety of internal and external factors, some of which are more powerful
than others (Dethier 1982; Miller and Strickler 1984), and that CO2 is a powerful orientation and
feeding stimulant in numerous subterranean insects (Doane et al. 1975; Nicholas and Sillans
1989; Guerenstein and Hildebrand 2008). Hence the presence of CO2 may simply outweigh any
negative internal stimulus such as learned aversion to an insecticide odor.
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11.7 Tables

Table 11.1 Overview of learning studies completed with Limonius canus larvae in 2007, 2008..

Study

Arena

Chemicals placed

Chemicals

on host plant/CO2

tested in

source in arena?

arena

Main question addressed by study
Main findings
Do larvae avoid/reduce contact with a host
plant treated with Tefluthrin and/or Dividend
after morbidity induced (1 or 4x) in presence
of Tefluthrin/Dividend odor?

Soil
1

window

Yes

bioassay

Dividend,
Tefluthrin

Naïve and preconditioned wireworms
continue to orient towards and contact
Tefluthrin-treated seeds similarly, but
preconditioning does affect contact with
seeds treated with Dividend alone
Do larvae avoid/reduce contact with a host
plant in presence of peppermint odor after
morbidity induced in presence of peppermint

Soil
2

window

Yes

Peppermint

bioassay

odor?
Presence of peppermint odor does not
affect orientation or contact time in
conditioned wireworms
Does wireworm repellency to peppermint
increase if larvae are previously made
moribund (1 or 5x) in the presence of

3

Soil-less
bioassay

No

Peppermint

peppermint odor?
Repellency does not increase, but induction
of morbidity decreases wireworm sensitivity
to peppermint
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Table 11.2

Wireworm contact with untreated wheat seeds (Unt), or seeds treated with

Tefluthrin 20SC (Tef) and/or Dividend XLRTA (Div), in soil bioassays after preconditioning with
untreated seeds or seeds treated with Tefluthrin and/or Dividend in Eppendorf tubes. MB =
morbidity. Values followed by the same letter within a column are not significantly different at a =
0.05. * = exposed to Dividend-treated seeds alone, so morbidity not induced, but wireworms
given 3.5 hours to “recover” as in treatments 6, 9, 12. ** = Tefluthrin treatments also contained
Dividend. *** = wireworm(s) moribund while in contact.
Interval

Tt

N

Mean (SEM)

(hr)

weight (mg)

between

Mean (SEM)

Tt

(last) MB

time required

exposed

and

for first

to in soil

exposure

contact (min)

bioassay

(number
weighed, if
different from

No.
times
MB

N)

Number of wireworms per

in soil

contact duration category

0 – 15

16 – 45

> 45

min

min

min

windows
0

-

53.9 (5.7) a

Unt

3

12

20

0

-

48.9 (7.3) a

Div

2

12

18

0

-

78.4 (9.2) a

Tef **

30

10

1 ***

25.2 (1.14) b

1

3.5

63.7 (8.3) a

Untr

5

7

20

24.7 (1.36) ab

1

3.5

59.3 (7.9) a

Div

11

9

12

1

3.5

39.1 (5.4) a

Tef **

18

12

3 ***

0*

3.5 *

59.1 (9.0) a

Tef **

22

8

1 ***

25.6 (0.96) ab

1

24

46.5 (6.2) a

Div

7

5

20

32

27.3 (1.36) b

1

24

39.0 (5.1) a

Tef **

21

11

0

10

33

30.2 (1.45) b

4

24

47.1 (6.5) a

Unt

4

2

27

11

34

24.7 (1.28) ab

4

24

59.0 (8.6) a

Div

13

7

14

12

36

23.9 (1.13) ab

4

24

47.3 (7.0) a

Tef **

26

9

1 ***

1

35

2

32

3

41

4

32

5

32

6

33

7

31

8

32

9

22.5 (1.29) b
22.3 (1.49) ab
(30)
24.5 (1.13) ab
(21)

26.2 (1.44) ab
(32)
23.5 (1.28) a
(30)
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Table 11.3 Wireworm contact with wheat seeds treated with tefluthrin in soil bioassays after
preconditioning in Eppendorf tubes.

Wireworms that became moribund while in contact are

omitted (compare N with Table 11.2). MB = morbidity. Values followed by the same letter within a
column are not significantly different at a = 0.05. * = exposed to Dividend-treated seeds alone, so
morbidity not induced, but wireworms given time to “recover” as in treatments 6, 9, 12.

Number of wireworms per

Interval (h) between
Trt

Number of

(last) MB induction

times MB

and exposure in soil

Mean (SEM)
N

contact
duration

windows

contact duration category
0–5

6–10

11–15

min

min

min

3

0

-

40

11.7(0.99) a

7

12

11

6

1

3.5

30

13.7 (1.66) a

6

6

6

7

0*

3.5 *

30

11.9 (1.50) a

7

8

7

9

1

24

32

13.7 (1.58) a

5

9

7

12

4

24 (each)

35

11.3 (1.29) a

12

7

7
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Table 11.4 Mean (SEM) duration of morbidity of L. canus after exposure to wheat seeds
treated with Tefluthrin 20SC at 6.5 g AI/100 kg in Eppendorf bioassays. N = 20 per treatment.
Duration of exposure

Recovery time (min)

(min)
1

58 (4.79)

2

78 (3.52)

5

101 (4.92)

10

140 (8.83)

15

179 (6.56)

30

284 (13.81)
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Table 11.5 Wireworm contact with untreated wheat seeds in the presence and absence of
peppermint odor (Pep.) in soil bioassays, after preconditioning in Eppendorf tubes. N = number of
wireworms that contacted seeds. MB = morbidity. Values followed by the same letter within a
column are not significantly different at a = 0.05.

Preconditioning

N

Induce
MB?

Mean (SEM)

Number of wireworms per

time required to

contact duration category

Expose to

Expose to

contact seeds

Pep. while

Pep. in soil

(min)

inducing MB?

windows?

0 – 15

16 – 45

> 45

min

min

min

43

Yes

No

No

26.1 (2.83) a

1

1

41

44

Yes

Yes

No

36.2 (4.03) a

5

3

36

43

No

Yes

No

32.6 (3.95) a

5

2

36

46

Yes

No

Yes

32.7 (3.85) a

3

2

41

40

Yes

Yes

Yes

28.5 (3.17) a

2

1

37

44

No

Yes

Yes

28.6 (4.43) a

4

4

36
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Table 11.6 Longer-range repellency of Limonius canus to acetone and Peppermint (Pep.) in
soil-less bioassay as measured by mean (SEM) proportion of 20 min observation wireworms
spent in quadrant with chemical (Q1) and control quadrant (Q3). MB = moribund; Chem. =
chemical exposed to during preconditioning; Method = method of exposure to chemical during
preconditioning. N = 25 per treatment. Values followed by the same letter within a column are not
significantly different at a = 0.05. For within-treatment comparisons between Q1 and Q3, * = P <
0.05, ** = P < 0.01.

Preconditioning

Longer-range repellency

Treatment in soilless bioassay

Times MB

Chem.

Method

Q1

Q3

1. Acetone

0

-

-

0.33 (0.02) a

0.20 (0.02) b **

2. Pep. 0.1%

0

-

-

0.24 (0.01) b

0.27 (0.02) ab

3. Pep. 1.0%

0

-

-

0.28 (0.02) ab

0.23 (0.01) ab *

4. Pep. 1.0%

1

none

-

0.25 (0.02) b

0.26 (0.02) ab

5. Pep. 1.0%

1

Pep. 1.0%

odor

0.26 (0.01) ab

0.29 (0.02) a

6. Pep. 1.0%

5

none

-

0.27 (0.02) ab

0.28 (0.02) a

7. Pep. 1.0%

5

Pep. 1.0%

odor

0.23 (0.02) b

0.28 (0.02) a

8. Pep. 1.0%

1

none

contact

0.24 (0.02) b

0.27 (0.02) ab

9. Pep. 1.0%

1

Pep. 1.0%

contact

0.26 (0.02) ab

0.27 (0.02) ab
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Table 11.7 Shorter-range repellency of Limonius canus to acetone and peppermint (Pep) in a
soil-less bioassay. MB = moribund; Chem. = chemical exposed to during preconditioning; Method
= method of exposure to chemical during preconditioning. N = 25 per treatment. Values followed
by the same letter within a column are not significantly different at a = 0.05. For within-treatment
comparisons between C89 and C103, * = P < 0.01, ** = P < 0.0001.
Mean (SEM) number
Preconditioning

Chemical
exposed to

of approaches to

Mean (SEM) proportion

treated (C89) or

of repellent events
WRS

control cells (C103)

in bioassay
Times MB

Chem.

Method

1. Acetone

0

-

-

2. Pep. 0.1%

0

-

-

3. Pep. 1.0%

0

-

-

4. Pep. 1.0%

1

none

-

5. Pep. 1.0%

1

6. Pep. 1.0%

5

7. Pep. 1.0%

5

8. Pep. 1.0%

1

9. Pep. 1.0%

1

Pep.
1.0%

none

Pep.
1.0%

none

Pep.
1.0%

odor

-

odor

contact

contact

C89

C103

C89

C103

3.48

2.40

0.18

0.15 (0.05)

(0.32) a

(0.25) b *

(0.05) a

a

3.40

3.40

0.23

0.12 (0.04)

(0.27) a

(0.22) ab

(0.06) a

a

3.08

2.48

0.42

0.15 (0.06)

(0.31) a

(0.23) b

(0.08) a

a*

3.32

3.28

0.45

0.14 (0.04)

(0.35) a

(0.28) ab

(0.08) a

a*

3.56

3.84

0.45

0.10 (0.03)

(0.31) a

(0.29) a

(0.07) a

a*

3.20

3.40

0.28

0.20 (0.04)

(0.30) a

(0.28) ab

(0.07) a

a

3.40

3.80

0.42

0.11 (0.03)

(0.33) a

(0.35) a

(0.08) a

a*

2.56

3.44

0.42

0.09 (0.03)

(0.20) a

(0.37) ab

(0.07) a

a*

3.28

3.80

0.45

0.12 (0.04)

(0.33) a

(0.37) a

(0.07) a

a **
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30
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CHAPTER 12: Evaluation and conclusion
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12.1 Two final questions…

Two related questions remain: What have we learned from the research presented here
about wireworm behaviour that should affect management of this pest? And, what aspects of
wireworm behaviour should be the foci of future research?

Regarding the first question, we have demonstrated that:

1. Wireworm response to insecticides differs considerably among species. There are differences
among species in the LC50 and LC90 values of an insecticide, in the ability and time required to
recover from insecticide-induced morbidity, and in the behavioural response to sublethal dosages.
It is therefore essential that farmers, crop consultants, and pest managers know what species
they are dealing with, particularly as there may be several different pest species in a field. For
example, in Alberta and Saskatchewan it is not uncommon to find the prairie grain wireworm,
Ctenicera destructor, a large, soft-bodied wireworm, in the same field as Hypolithus nocturnus, a
very small wireworm, or as the sugarbeet wireworm, Limonius californicus, a species with a much
harder cuticle than the two others. Because of differences in overall size and cuticle hardness,
these three species may respond very differently to the application of an insecticide at a particular
rate. An understanding of the life histories and insecticide susceptibilities of the pest species
involved in crop damage will therefore allow for more informed decisions as to their management.

2. Wireworms are remarkably resilient and can recover from extremely long periods of morbidity
induced by contact with an insecticide, particularly in the case of neonicotinoid insecticides.
Hence wireworms cannot be presumed to be dead because they are immobile after exposure to
an insecticide, or because they are not damaging a crop after a recent insecticide application.
Wireworms may be moribund while a crop is establishing but may subsequently recover and inflict
damage, especially if the harvested part of the crop is subterranean (e.g., potatoes, carrot). An
accurate assessment of wireworm mortality after an insecticide application is labour intensive,

272

requiring soil sampling to obtain wireworms and long-term post-collection health checks. Using
bait-traps to sample for wireworms shortly after an insecticide application is not likely to be
effective and may lead to an overestimation of the insecticide’s efficacy, as this method does not
collect moribund wireworms.

Concluding that an insecticide controls wireworms from plant

emergence and stand establishment data, will also likely lead to an overestimation of its efficacy,
particularly in the case of neonicotinoid chemistries. Finally, failure to complete long-term health
checks on the wireworms retrieved by sampling after application of an insecticide can cause both
an overestimation and underestimation of insecticide efficacy: wireworms may appear unaffected
for several weeks after contact with an insecticide but die later (e.g., fipronil), or may appear
moribund for several weeks but subsequently make a full recovery (e.g., imidacloprid, clothianidin,
thiamethoxam).

3. Wireworms do not always need to ingest an insecticide in order to become moribund, but may
become immobilized from contacting it alone. If the latter occurs (e.g., by touching an insecticidetreated seed), wireworms may not be able to ingest toxic quantities of the chemical, reducing the
chemical’s effectiveness for controlling wireworms. Alternatively, wireworms immobilized while in
contact with an insecticide-treated seed may accumulate additional toxin while moribund. This
underscores the importance of screening insecticides intended for wireworm control by directly
observing wireworm behaviour in response to them before they are used in the field.

4. Some insecticides elicit repellency in wireworms. Depending on the nature and dosage of the
chemical, and on the species involved, wireworms may be able to move away from insecticidetreated seeds in the soil prior to becoming moribund, or may become immobilized in situ. An
insecticide that elicits repellency may give temporary crop protection, as mentioned in point 2, but
may not prevent wireworms from inflicting crop damage later in the season when the chemical
has broken down.
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5. The duration of wireworm morbidity is strongly affected by both the type and amount of
insecticide wireworms are exposed to, and by post-exposure temperature. The latter implies that
when wireworms contact and/or feed on insecticide-treated seeds planted early in Spring, they
may remain moribund longer than if the seeds are planted later, when the soil temperature is
warmer.

However, some wireworm species (e.g., A. obscurus) will actively feed at lower

temperatures than others (e.g., L. canus), and the optimum time from planting a crop is obviously
contingent on numerous other factors.

6. The behaviour of wireworms in a soil-less environment can be used to determine their innate
repellency to a chemical, but will not give a realistic picture of how wireworms behave in the field.
An insecticide that elicits repellency in a wireworm in a soil-less environment may not prevent it
from orienting towards, contacting, and/or feeding on a host plant treated with it in the field.

7. Wireworms demonstrate a powerful positive chemotaxic response to CO2, even when the CO2
source is coated with a repellent insecticide.

This suggests that farmers wanting to control

wireworms with seed treatments or another attract-and-kill strategy should eliminate competing
CO2 sources in the soil. For example, plowing pastureland shortly before planting insecticide
treated potatoes in the Spring will likely trap wireworms in the decomposing, CO2-emitting sod
below the seed pieces, preventing them from contacting the insecticide, and increasing the risk
that wireworms will damage daughter tubers later in the year. In addition, this may cause the
insecticide to appear ineffective.

8. Wireworms may be capable of recognizing an insecticide that previously made them moribund,
but this is not likely to induce behavioural resistance to it in the field, especially if the insecticide is
placed on a host plant. However, as wireworms appear to respond to some odors (e.g., Dividend
XLRTA) but not others (e.g., peppermint), the behavioural response of wireworms to morbidityinducing insecticides should be evaluated individually for each chemical.

274

Regarding the second question, various aspects of wireworm behaviour require further
attention.

Future research should investigate the response of wireworms to insecticides

proposed, or currently used for their control, including phenyl pyrazoles (e.g., fipronil), pyrethroids
(e.g., bifenthrin), and/or combinations of these and other insecticides. This work should include
both laboratory and field research and involve a range of economically important wireworm
species from different geographic regions and wireworm genera. How wireworms respond to
these novel insecticides or insecticide mixtures may be determined by observing their orientation
to and contact with seeds treated with the chemical(s) in soil bioassays. In addition, it should be
determined if wireworms will become moribund from contact with these chemicals alone. The
same chemicals should also be studied on various crops in the field, with the efficacy of the
insecticide(s) measured by both emergence and stand counts, crop yield, and post-application
sampling for surviving wireworms.
Future research should also investigate how contact with an insecticide affects various
detoxification enzymes in wireworms, and whether wireworm morbidity and/or immune
upregulation interfere with their ability to learn to avoid insecticides. Finally, more research should
be conducted to determine definitively if wireworms are capable of aversion learning in the
absence of CO2 sources and/or host plants.

In conclusion, though wireworms have been studied extensively since the 1800’s, they
remain enigmatic creatures. Much remains to be learned about their seasonal movement and
distribution in the soil, their feeding preferences and foraging behaviour, their behaviour in
response to insecticides and other toxic compounds, and about the differences among species in
all of the above.

Continued research in these fields, though tedious, will improve our

understanding of wireworm behaviour and contribute to our ability to effectively manage this
insect.

finis
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